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Extra virgin olive oil is expensive to produce and its rising popularity as part of a healthy 
diet over the last two decades has increased world demand. This has led to olive oil 
being diluted with cheaper vegetable oils in an attempt to increase output and, therefore, 
profit. Some oil producing areas are considered to produce a superior quality olive oil 
and some suppliers import oil from other, less fashionable, areas and export the oil as 
'bottled in' the more favoured region. This thesis examines the questions that arise 
concerning the authenticity of olive oil. It investigates whether spectroscopic data (NMR 
and IR) analysed by multivariate analysis (Unscrambler 7.5, Camo ASA) can reliably 
characterise Greek olive oil samples by their area and year or identify adulteration with 
sunflower oil. Extraction of the volatile compounds would also be considered to 
discover whether this fraction of olive oil could be useful in the determination of oil 
origin.
The PLS1 regression models constructed using IR data for a set of samples from the 
Crete 1995/96 harvest gave a low error of prediction for the measured percentage 
sunflower adulteration against the predicted values. An RMSEP of 0.795% sunflower 
oil with an offset of 0.147% using 11 regression components gave good prediction of 
adulteration of unknown samples.
PCA models of proton NMR data produced classification plots with clear separation 
between oils originating from Crete and those from other areas of Greece. They also 
gave unequivocal classification of each year's harvest, making it possible to ascertain the 
year and area of olive growth.
SFE and SPME were both used for the extraction of the volatile fraction of olive oil with 
separation and detection by GC-MS. Hierarchical clustering (SPSS) showed 
rudimentary grouping of the oils by area of origin using both techniques. Coupling the 
two extraction techniques gave a novel methodology, which with improvements, could 
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Calibration - The fitting of a model to the observed data to describe the data as fully
as possible
Calibration samples - Samples used to observe the variation in the data on which
the model is built
Classification - The prediction, using models constructed from known data, to
determine in which category a new sample belongs
Correlation - A measurement of the linear relationship between two variables
Cross-validation   A validation method where samples are omitted from the
calibration and used as test samples. This is repeated until all the samples have been
used as test samples.
Explained variance - The fraction of the total variance that has been explained by
the model
Influence - How much impact a single variable has on the model
Leverage - How extreme a variable is compared to the majority of variables.
Variables with a high leverage have a high influence on the model
Loadings - The loadings show how well a variable is taken in to account by the model
components
Model - Mathematical equation detailing the variations in a data set, consisting of
structure and error information
Offset - The point where a regression line intercepts the y-axis
Outlier - A variable that is abnormal compared to the other variables (occupies an
extreme point on the model)
Overfitting - Describing too much of the variation by taking into account noise
Partial least squares regression - A method which relates the variation in a
response variable (e.g. % sunflower adulteration) to the variation in the data set (e.g. oil
spectra)
Prediction - Using regression models, the ability to compute response values from
predictor values
xm
Preprocessing - Operations that reduce the noise from background effects especially
in spectroscopic data
Principal component - A linear function of the original variable which contains
information to describe the data
Principal component analysis - A modelling method to observe relationships
between different variables and detect sample grouping
Regression coefficient - Numerical coefficients that describe the connection
between variation in the predictors and in the response
Residual variance - The amount of variance not explained by the model
Root mean squared error of prediction - A measurement of the average
difference between measured and predicted response values
Scores - Scores show sample differences or similarities with respect to individual
principal components
Test samples - Samples which are not used during the construction of the calibration
model but are used to validate the model
Validation - Checking how well a model describes the data
Variance   A measure of a variable's spread around its mean value
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Olive oil has been a valuable commodity since ancient times. It has been widely used 
and revered as a health product but only in modern times has a greater understanding of 
the chemistry of olive oil given an insight into its properties. Olive oil is unusual 
compared to other vegetable oils by virtue of its chemical composition. Whereas most 
vegetable oils contain a large proportion of polyunsaturated fats, olive oil contains a 
larger proportion of monounsaturated fat. Olive oil also contains antioxidants which 
have been shown, in humans, to inhibit the oxidation of low density lipoproteins (LDL 
cholesterol), which are the most atherogenic (capacity to initiate or accelerate the 
formation of lipid deposits in the arteries) lipoproteins (Visioli et al., 1998). The 
antioxidant properties of olive oil have also been linked with possible cancer prevention 
by protecting cells from damage to DNA caused by reactive oxygen species (ROS). 
When excess levels of ROS (e.g. 'OH radicals) react with unsaturated fatty acids, 
oxidative damage occurs in cell membranes that can result in cell mutation and possible 
carcinogenesis (Lopaczynski et al., 2001). These peroxidative chain reactions are 
terminated by antioxidants, which break the chain, such as a-tocopherol and/?-
carotene, both of which are found in olive oils. Polyunsaturated fatty acids (PUFA) play 
an important role hi the initiation of this chain reaction and have also been shown to 
contribute to the oxidative modification of LDL cholesterol which increases the 
progression of atherosclerosis (Caruso et al, 1999). Both monounsaturated fatty acids 
(MUFA) and PUFA lower total cholesterol compared to saturated fatty acids when 
cholesterol intake is moderate (Trautwein et al., 1999).
As a result of the reported benefits of consuming olive oil there has been an upsurge in 
its popularity over the last two decades and annual consumption is beginning to outstrip 
annual production (www.oliveoilsource.com, 2001). Extra virgin olive oil is expensive 
to produce and some growers and suppliers attempt to increase output and therefore 
profit by 'watering down' the oil with cheaper seed/vegetable oils. The chemical 
differences between these cheaper seed/vegetable oils and olive oil are such that this type 
of adulteration can be exposed by monitoring the chemical structure of the oil 
components. The fatty acid composition and the unsaponifiable fraction of the oil can 
both give valuable information.
The uncertainty of the origin of oils due to ambiguous labelling is another issue which 
has been highlighted. Many suppliers import olive oil from the less 'desirable' 
producing areas and sell it as originating from areas which are deemed to produce more 
highly regarded oils. Olive oils that are labelled as 'bottled in Italy' are not necessarily 
produced hi Italy. The chemical composition of oil varies because of a range of factors. 
Geographical origin is chief amongst these and encompasses many influences such as the 
topography of the growing area (mountain or plains), climatic variation and the variety 
of the olive used. The tune of harvest can be affected by the weather and this can also 
alter the composition of the oil. Statistical analysis of data spanning 24 years of Greek 
olive oil harvests concluded that fatty acid compositional data was a valuable tool for the 
classification of origin of oils (Tsimidou et a/., 1993). Therefore, it would appear that 
large geographical differences, such as country to country, should be detectable by 
spectroscopic means and one of the aims of this work was to attempt to distinguish 
between oils from the same country but different areas of origin.
1.1 AIMS
The aims of the work were to approach the problems of oil identity using two methods, 
spectroscopic techniques and extraction development. Within the spectroscopic 
techniques, two methods would attempt to lower the limits of detectable adulteration and 
separate oils on the basis of area or year of origin. Extraction techniques would be 
developed to try to isolate the volatile compounds from the oil matrix and discover 
whether the variation in composition in adulterated oils or geographically separate oils 
was sufficient to allow classification of unknown samples.
1.1.1 Adulteration Detection
The primary aim of this work was to develop novel methods of adulteration detection 
using various analytical techniques and statistically analyse the resulting data using 
chemometrics, to observe whether the method employed reliably identified adulteration. 
The challenge is to develop methods that can detect lower and lower levels of 
adulteration and also to detect adulteration with oils that more closely resemble the 
chemical structure of olive oil. Nuclear magnetic resonance, both 13C and 'H NMR, of 
pure Greek oils and spiked samples from two harvest years supplied data that could be 
statistically analysed using multivariate analysis. This type of analysis correlates 
important variables with specific samples and allows classification models to be 
constructed which determine whether an unknown sample 'fits' into a certain model. It 
also provides a measurement of the error of prediction between measured and predicted 
samples to conclude how well the model fits the particular data set. Infra red 
spectroscopy would also be employed following the development of a fibre optic probe 
at the collaborating institute in Germany. This would require no sample preparation,
enabling rapid sampling of a large quantity of samples. Oils from three harvest years, 
pure and adulterated, would be investigated using this method.
1.1.2 Geographical Differentiation
Distinguishing between oils produced from olives grown hi different countries has been 
investigated and spectroscopic techniques shown to be valuable tools (Zamora et al, 
2001). The oils used in this study originated from areas of Greece including some from 
island producers. If the growing areas experienced suitably different conditions 
throughout the growth and harvesting of the olives then a difference in oil composition 
would be expected. The second aim of this work was to investigate whether such 
variations could, when subjected to statistical analysis, reliably separate oils from 
different areas.
1.1.3 Harvest Differentiation
It has been previously noted (Mavromoustakos et al, 1997) that 'samples from the same 
area gave repeatably the same results -within a 3 year period'. However, a project for 
the European Commission (Lees et al., 1998) used SNIF-NMR/IRMS (Site-specific 
Natural Isotopic Fractionation studied by Nuclear Magnetic Resonance/Isotope Ratio 
Mass Spectrometry) to look at isotopic characterisation of oils and concluded that 'the 
data analysis showed that the year of production had a significant influence on the 
isotopic composition of the oils' and 'all three years were differentiated'. This project 
obtained samples from 3 concurrent harvest years and aimed to investigate whether the 
composition of olive oils from the same areas is indeed consistent from year to year. If 
the variation in growing factors was sufficient, then discrepancy in the oil composition 
would be expected.
1.1.4 Extraction of the volatile fraction of olive oil
The majority of previous work has concentrated on the fatty acid fraction of olive oil and 
less work has been carried out using the volatile fraction of the oil. The volatile fraction 
is composed of chemicals responsible for the flavour and fragrance of the oil and 
although work has focussed on sensory qualities and how the volatile fraction alters 
during storage, using the volatile compounds to detect adulteration or geographical 
origin is less widely reported. This study aimed to develop extraction techniques to 
enable the volatile compounds to be removed from the oil and analysed using Gas 
Chromatography/Mass Spectrometry (GC/MS). Removing the compounds from the oil 
matrix would simplify separation and detection. Techniques would be investigated that 
would allow rapid, solventless extraction thereby producing a more time efficient, 
environmentally sound procedure. Supercritical fluid extraction and solid phase 
microextraction would both be used to attempt to distinguish between commercially 
bought vegetable oils and olive oil. A comparison of the two techniques using the Greek 
olive oils would also be undertaken and multivariate analysis carried out on the resulting 
data to verify whether these techniques could be utilised in the determination of 
adulteration or geographical origin.
1.2 THESIS SYNOPSIS
The background to olive oil production, chemistry and early analysis techniques is 
detailed in Chapter 2, with maps showing the origin of the Greek olive oils used 
throughout this project and tables detailing the sample codes, areas and altitude of origin 
and the variety and ripeness of the olives at harvest time. Chapter 3 introduces the 
concept of multivariate analysis and describes the statistical processes utilised in the 
characterisation of adulteration, and the differentiation of area and harvest origin. As a
result of the number of different techniques employed during this work, each different 
procedure is the subject of a separate chapter. Each chapter is autonomous and contains 
theory, a literature review particular to that technique, method, results and discussion and 
conclusions. Chapters 4 and 5 concentrate on the spectroscopic investigations using 
Nuclear Magnetic Resonance (NMR) and Infra-red (IR) respectively. Chapters 6 and 7 
focus on two different extraction techniques, Supercritical Fluid Extraction (SFE) and 
Solid-Phase Microextraction (SPME). The SPME chapter (7) also gives preliminary 
findings obtained from coupling the two extraction techniques. Chapter 8 assimilates the 
conclusions from the individual chapters and provides method comparison and 
suggestions for further refinement and additional work.
CHAPTER 2 
2 Olive Oil
2.1 HISTORY AND BACKGROUND
The olive was originally native to Asia Minor and spread to the Mediterranean basin 
5,000 years ago. It is one of the oldest known cultivated trees in the world, and the olive 
branch has become a symbol of peace and goodwill. In Greek mythology the olive tree 
is presented to man as a gift from the gods of Olympus. During the dispute for the 
possession of Attica between Athena and Poseidon, the Goddess Athena caused an olive 
tree to sprout on the Acropolis. This was considered more useful than Poseidon's gift of 
a salt spring and the city was named for Athena. In ancient Egypt the goddess Isis was 
believed to have introduced olive oil to mankind and it was infused with flowers and 
grasses to produce medicines and cosmetics in the belief that the oil conferred strength 
and youth. The trees were so sacred that anyone who felled a tree could be condemned 
to death (www.museodellolivo.com/eng/emuseo, 2000).
In the Bible the dove returned to Noah carrying an olive branch after the flood, 
symbolising the re-establishment of peace between God and man. Hebrew culture used 
olive oil to anoint religious symbols, to consecrate the Ark of the Covenant, religious 
ornaments and the priests. Its properties were greatly revered and it was used for 
medicinal purposes as well as religious ceremony. Homer deemed olive oil the 'liquid 
gold' and Hippocrates prescribed it as the 'great therapeutic' 
(www.globalgourrnet.com/food/egg/egg0397/oohistory.html, 1997). The Romans 
expanded the tree throughout their empire, mainly using the oil for fuel and in baths. 
They did not widely use it for edible purposes, considering it to be of insufficient quality.
Olive farming reached a peak in the fourteenth century when the oil was used primarily 
as a lighting fuel. According to the Scriptures the lamps burning on the altars before the 
Blessed Sacrament could only be fuelled by olive oil and the consecrated oil was used to 
administer the Sacraments. The settlers introduced olive trees into America, where they 
remain mainly cultivated in California, Chile and Argentina. Olives are now grown 
world-wide although the chief producing countries remain those in the Mediterranean 
basin. The oil is now used predominantly for edible purposes but is also used in the 
pharmaceutical and cosmetic industries. Some religions still use olive oil with water 
during baptism to 'enable the baby to slip away from the grasp of evil' and signify 
salvation (Zwingle, 1999).
2.2 OLIVE OIL PRODUCTION
The most common olive tree (plea Europed) has a life span in excess of 150 years. It 
doesn't become fully productive until it is 35 years old and can then yield constantly for 
over 100 years. The green olives appear in September, subsequently turn purple and 
then black when fully ripe. The weight of the fruit increases until November at which 
point it decreases, due to lack of moisture, resulting in a rise in oil content. The oil 
content reaches a maximum when the olives are black (Boskou, 1996). The olives can 
be harvested at any stage, by hand picking or machine shaking, and the degree of 
ripeness at harvest affects the composition of the olive oil produced (Koutsaftakis et al., 
1999). The time of picking mainly affects the concentrations of phenolic (Cinquanta et 
al. , 1997) and volatile compounds in the olive, responsible for taste and aroma. Both 
these classes of compounds decrease as the fruit ripens, leading to the conclusion that oil 
produced from olives picked prior to full maturation would have a stronger aroma and 
taste. One study did find that the concentration of tyrosol, hydroxytyrosol and luteolin (a
8
flavonoid) increased with maturation (Brenes et a/., 1999). Other variables such as 
peroxide value and free acidity, depend on the quality of the olives. Therefore, these 
characteristics do not fluctuate significantly with degree of ripeness (Boskou, 1996). 
The way in which the olives are stored/transported before processing has been shown to 
affect the chemical composition of the resulting oil. A recent study compared the effects 
of different aqueous storage methods on the volatile compounds in olive oil. It compared 
olives stored in shallow boxes open to the air with olives placed in jars filled with sea 
water, jars filled with 4% NaCl solution and jars filled with drinking water. It concluded 
that storing olives in aqueous media does alter the composition and content of volatile 
compounds (Koprivnjak et al., 2000). Other studies have compared storage temperatures 
(Kiritsakis et al., 1998) and their influence on peroxide values, chlorophyll content, 
phenol content and fatty acid content.
Virgin olive oil is extracted by pressure, centrifugation and percolation systems. Before 
the oil can be extracted the olives have been traditionally washed and deleafed. The 
presence of leaves gives the resulting oil a 'green leaf organoleptic characteristic. 
Washing the olives can potentially damage the fruit and reduce the oil yield, so it is 
becoming a less widespread practice. The olives are then crushed to let the oil run out of 
the vacuoles. There are various methods of crushing, stone mills, hammer crushers or 
metal crushers. Oils obtained using different crushing methods have different 
organoleptic characteristics. The olive paste, obtained from the crushing, is then mixed 
to increase the amount of oil that is released by helping the droplets of oil to merge into 
larger drops that can be separated into a continuous liquid phase and also to break up the 
oil/water emulsion. Separation of the oil from the liquid and solid phases is then 
achieved using pressure, centrifugation or percolation.
The oldest extraction technique is the use of pressure. The solid phase is separated from 
the liquid by applying pressure to a stack of mats smeared with olive paste. This method 
requires simple machinery and is the cheapest form of extraction. However, it is the 
most labour intensive. Centrifugation requires high-speed centrifuges, which are 
expensive and need a specialised work force. The solid phase is separated from the 
liquid phase by diluting the olive paste with water. A major drawback with this system 
is that it produces a lot of vegetation water that still contains a high percentage of oil. 
Percolation uses a steel plate, which is immersed into the olive paste and becomes coated 
with oil because of the different surface tensions of the liquid phase in the paste. This 
method is also called selective filtration. Percolation is often combined with another 
extraction method to overcome the drawback that it does not completely deplete the olive 
paste (Boskou, 1996).
It requires approximately 5 kg of olives to produce 1 litre of oil and each tree usually 
yields 20-30 kg of olives annually. World wide olive oil production is approximately 
2,100,000,000 litres per annum. Spain and Italy are the largest producers, followed by 
Greece, Portugal, Tunisia, Turkey and Syria. A large proportion of olive oil is consumed 
in the producing country. The three largest producing countries are also the three largest 
consuming countries. The trend for world consumption has steadily increased over the 
last decade due to the reported benefits of the 'Mediterranean diet'.
The import/export of olive oil is an expanding market that is carefully regulated by the 
International Olive Oil Council (IOOC) and the European Union (EU). Typical annual 




• USA 29% 
D Japan 5% 
D Canada 4%





• Tunisia 9.84% 




Figure 2.1 - Typical annual % import/export of olive oil 1999/2000
The IOOC was set up under Article 21 of the International Agreement on Olive Oil of 
1956. The Agreements are regularly updated and the Council's primary aim is to 
facilitate international co-operation in all areas concerned with olive oil. It is funded by 
contributions from producing and importing countries and meets twice a year. It 
assembles and circulates economic and commercial information on olives and olive oil 
as well as scientific, technical and agricultural findings.
The Commission of the European Communities has set down regulations that fix the 
price and define the grade of olive oil produced. The grades of oil are defined using 
acidity levels. Extra virgin olive oil should have 'perfect flavour and odour with a 
maximum acidity (oleic acid) of Ig/lOOg ~ 1%, with maximum peroxide value mequiv 
O2/kg of O2'. Fine virgin olive oil can have a maximum acidity of 2%, ordinary olive oil
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3.3% (Communities, 1966). Extra virgin oil accounts for less than 10% of produced oil 
in many countries.
2.3 CHEMISTRY OF OLIVE OIL
Chemically olive oil belongs in the 'Fats and Oils' category. Fats and oils are 
hydrophobic, water-insoluble substances of animal or plant origin. They consist 
predominantly of triglycerides, glyceryl esters of fatty acids. Figure 2.2 shows the basic 














where: R = Fatty acids that can be attached at either the 
1,3- (a) position, or the 2- (/?) position of the glycerol backbone
Figure 2.2 - Structure of a triglyceride containing three different fatty acids
Fatty acids are sub-divided into:
* Saturated fatty acids, found predominantly in animal fats (e.g. stearic 
acid).
* Unsaturated fatty acids, found in plant and animal fats 
The unsaturated fatty acids can be further sub-divided into:
* Monounsaturated fatty acids (MUFA), e.g. oleic acid
* Polyunsaturated fatty acids (PUFA), which the body requires but can not 
produce, e.g. linoleic acid
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Triglycerides can be composed of up to three different fatty acids. The fatty acids attach 
either at the primary hydroxyl groups, 1 and 3 ( a ) or the secondary or central hydroxyl 
group, 2 (ft ) (Figure 2.2). The fatty acids account for 94 - 96% of the total weight of
the triglyceride molecule and so they greatly influence the physical and chemical 
properties. As a result differences in fatty acid composition account for many of the 
observed differences between oils. Genetic variation of the plant, geographical, climatic, 
environmental and harvesting times and conditions can also affect the fatty acid 
composition of the oil. Comparisons of olive oil samples from Greece (1992-93 harvest) 
show how the fatty acid composition varies (Table 2.1) (Boskou, 1996).













































Table 2.2 characterises the fatty acid composition of some common fats and oils, 
including the oils used as adulterants in this study. Numerous studies have attempted to 
characterise the distribution of fatty acids in various oils. It was found in oilseed fats and 
olive oil that a high proportion (96 - 99%) of the acyl groups attached at the 2-position,
on the glycerol backbone, consisted of oleic and/or linoleic acid. However, saturated
13
fatty acids, any other unsaturated acids or any excess of oleic and linoleic acids were 
found to be attached to the 1 and 3-positions (Swern, 1979; Vlahov, 1999).





























































































Olive oil is high in unsaturated fatty acids and contains relatively small proportions of 
saturated fatty acids; palmitic acid (7.5 - 20%) and stearic acid (0.5 - 5%). The primary 
unsaturated fatty acids present in olive oil are oleic acid (CnH^COOH), linoleic acid 
(Ci 7H3 iCOOH) and linolenic acid (CnFbgCOOH). Oleic acid (monounsaturated) makes 
up 55 - 85% of olive oil, linoleic acid (polyunsaturated) makes up approximately 9% and 
linolenic acid (polyunsaturated) up 0 - 1.5%. Structures of these are shown in Figure 2.3. 
Naturally occuring fatty acids are generally cis- isomers. Trans- fatty acids occur 
because of incomplete hydrogenation reactions in the unsaturated fatty acids and degrade 
the oil quality, which is possibly linked to heart disease and arteriosclerosis (Li et al, 
2000).
Oleic Acid
Figure 2.3 - Unsaturated fatty acid structures found in olive oil
The major constituents of olive oil are the triglyceiide molecules. They constitute up to 
98% of the olive oil matrix.
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The remaining 2% of the matrix is made up of:
* phosphatides
* sterols




4 vitamins and minerals
* volatile and aroma compounds
2.3.1 Phosphatides
Phosphatides consist of a polyhydric alcohol, usually glycerol, which is esterified with 
phosphoric acid as well as fatty acids. The phosphoric acid is combined with nitrogen 
compounds such as choline. Lecithin and cephalin are two common phosphatides 
(Structures shown in Appendix A).
2.3.2 Sterols
Sterols are unsaponifiable alcohols which occur in fats and oils as esters of fatty acids. 
The most well known and abundant animal fat sterol is cholesterol. The sterols found in 
plant oils are called phytosterols.
Sterol framework
Figure 2.4 - Basic sterol framework structure
16
The phytosterols found in olive oil include:
/? sitosterol where R = CH(CH3CH2CH2CH(C2H5)CH(CH3)2,
campesterol where R - CH(CH3)CH=CHCH(CH3)CH(CH3)2, 
avenasterol where R = CH(CH3)CH2CH2C=(CHCH3)CH(CH3 )2, 
stigmasterol where R = CH(CH3)CH=CHCH(C2H5)CH(CH3)2 . 
(Swern, 1979)
2.3.3 Alcohols
Alcohols occur in fats and oils as triterpene alcohols and fatty alcohols. Fatty alcohols 
occur almost exclusively in marine oils. Triterpene alcohols occur in plants and consist 
of five condensed cyclohexane rings (Structures shown in Appendix A).
2.3.4 Hydrocarbons
Olive oil contains saturated and unsaturated hydrocarbons. The hydrocarbon content has 
been used to authenticate olive oil (Webster et al., 1999) and the detection of 
hydrocarbons occupies several studies (Zamora et al., 1994; Angerosa et al., 1998). The 
most abundant hydrocarbon in olive oil is squalene, C3oHso. It is an unsaturated 
triterpene and is an intermediate of the cholesterol biosynthesis pathway. The structure 
of squalene is shown in Figure 2.5. The amount of squalene in olive oil has been 
investigated using different analytical methods such as NMR (Zamora et al., 1994), GLC 
(De Leonardis et al, 1998) and HPLC (Owen et al, 2000). It has been found to be an 
oxygen carrier and its antioxidant potential has been explored (Manzi et al, 1998; Owen 
et al, 2000), with encouraging results in its role to decrease the risk of various cancers in 




Figure 2.5 - Structure of squalene
2.3.5 Pigments
Pigments give oils their colour. The most obvious pigment in some olive oils is 
chlorophyll, which gives the characteristic green colour. Carotenoids are pigments, 
which give a yellow/red colour. The best known carotenoids are a, ft and 7 -carotenes. 
The carotenes are present in olive oil and (3 -carotene is the precursor of Vitamin A 
(Structures shown in Appendix A).
2.3.6 Phenolic compounds
Phenolic compounds in olive oil affect the stability and flavour of the oil. Various 
phenolic compounds in olive oil have been shown to display antioxidant properties. 
Antioxidants inhibit the oxidation of the triglycerides, which would result in rancidity. 
This increases the stability of the oil. Vegetable oils show greater stability than animal 
fats because of their increased levels of antioxidants. Tocopherols have been extracted 
from olive oil by supercritical fluid extraction (Ibanez et al. , 2000) and used to identify 
adulteration (Dionisi et al, 1995; Lee et al., 1998; Ibanez et al, 2000). The tocopherol
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content of olive oil is lower than other vegetable oils but the amount of other phenolic 
compounds is higher. Structures of the most abundant phenolic compounds found in 







Figure 2.6 - Structures of phenolic antioxidants found in olive oil - tyrosol, 
hydroxytyrosol and oleuropein glucoside
Hydroxytyrosol and oleuropein have been shown to scavenge free radicals both in vitro 
and ex vivo (Visioli et al., 1998). The biological importance of hydroxytyrosol as an 
antioxidant has also been looked at hi terms of cancer prevention (Manna et al, 1999). 
The removal of free radicals, including superoxide, by these compounds could explain 
the stability of olive oil compared with other vegetable oils.
The biophenol content of table olives has been studied using HPLC and proton NMR and 
the results used to characterise the olives by country of origin. The study found that 
oleuropein was present in larger quantities in olives originating in Italy and Greece than
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in olives from Spain and Portugal. Hydroxytyrosol was consistently the major phenolic 
compound present in all the samples but Italian olives contain the highest percentage 
overall and Greek olives had significant quantities of tyrosol (Bastoni et at., 2001).
A recent study isolated two phenolic compounds, not previously seen in olive oil, by 
HPLC, pinoresinol and 1-acetoxypinoresinol (Brenes et al., 2000). The antioxidant 
capacity of olive oils has been investigated by measuring the oxygen radical absorbance 
capacity (ORAC) of the oils using spectrofluorimetry (Ninfali et al, 2001) and was 
proposed as a new parameter to assess the quality and oxidative stability of extra virgin 
olive oils. Flavour analysis of different oils has been carried out by several researchers, 
with human tasting panels assigning characteristics to each oil (Servili et al, 1995; 
Angerosa et al, 1996; Aparicio et al, 1996; Aparicio et al, 1996; Aparicio et al, 1997; 
Kiritsakis, 1998; Jelen et al, 2000).
2.3.7 Vitamins and Minerals
Olive oil contains significant amounts of vitamin E (a -tocopherol) and provitamin A 
(carotene). The vitamin E content of olive oil has been shown to play an important role 
in health. Vitamin E is a natural anti-oxidant and the anti-oxidant properties of olive oil 
have been explored with encouraging results (Manzi et al, 1998; Bradley, 1999; Galli et 
al, 1999). It has also been linked as a possible contributing factor in cancer prevention 
(Lipworthera/., 1997; Levi, 1999).
2.3.8 Volatile and Aroma Compounds
Several classes of volatile compounds in olive oil contribute to its aroma, including 
hydrocarbons, alcohols, aldehydes, esters, phenols and phenol derivatives, furan
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derivatives and oxygenated terpenes. Several studies have attempted to characterise 
olive oils by their aroma (Morales et al., 1995; Servili et al., 1995; Angerosa et al., 
2000), assigning odour description to the volatile components. Fresh olive oil contains a 
relatively low amount of volatile compounds. In cold-pressed oil hexanal is the most 
abundant. The majority of volatiles are the products of degradation caused by oxidation 
of the fatty acids with increased storage time and temperature. The allyl groups in 
unsaturated fatty acids are highly susceptible to free radical reactions and will 
decompose, in the presence of oxygen, even at low temperatures. Saturated fatty acids 
are more stable at lower temperatures «60°C) but oxidise at higher temperatures. 
Monohydroperoxides are formed, which in turn break down to form the aldehydes, 
ketones, acids, hydrocarbons, furanones and lactones. One study found that after 10 days 
storage 2-heptenal replaced hexanal as the most abundant volatile component in cold- 
pressed oil. Octanal and nonanal are the main volatiles derived from oleic acid, hexanal, 
2-heptenal, 2-octenal and 2,4-decadienal derive from linoleic acid and 2,4-heptadienal, 
2-pentenal and 3-hexenal are the main oxidation products of linolenic acid. Many of 
these oxidation products are responsible for the unsavoury sensory properties of oils. 
The presence of 2-hexenal and 4-heptenal have been found to give a green/grassy 
odour/flavour and they concluded that the samples with the least amount of volatiles 
were the most desirable oils according to a sensory panel (Men et al., 2000). The rapid 
increase hi aldehyde content, with storage at increased temperatures, paralleled the 
decrease in acceptability of the oils (Structures shown hi Appendix A).
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2.4 EARLY ANALYSIS OF OLIVE OIL
In the first half of the twentieth century extensive data were gathered from several 
European countries, to attempt to characterise virgin olive oil by physical properties such 
as density, refractive index and colour. Fluorescence in ultraviolet light was widely used 
but relied on colour interpretation and was subject to interference. The Bureau of 
Standards wrote an official report in 1927 in an attempt to persuade manufacturers and 
dealers to use the fluorescence methods to detect the addition of refined oil to virgin oil. 
It was claimed that down to 1% addition could be detected by this method. Refined oils 
show blue fluorescence whereas virgin oils show a range of colours from yellow to burnt 
sienna. A range of work was embarked upon to try and overcome the drawbacks of the 
method. Chlorophyll and carotenes masked the blue fluorescence of the refined oils. 
Some virgin oils also gave a slight blue fluorescence and the observed colour could alter 
with storage of virgin oil. Refined seed oils also vary in their fluorescence. Differences 
in absorption of ultraviolet light (UV) were studied in the 1920s and 30s and the 
resulting spectra were found to differ with virgin olive oil and refined oils or vegetable 
oils. The olive maturation at harvest also influenced the UV spectra obtained, as did the 
degree of oxidation resulting from heating and/or prolonged storage (Gracian, 1968).
Chemical properties such as free fatty acid content, saponification value, iodine value 
and the Bellier number have also been used to categorise olive oils. The Bellier number 
test originated in the late nineteenth century to detect groundnut oil and involved 
saponifying the oil, adding ethanol, acidifying at 16°C and observing the transparency of 
the solution. A clear precipitation or turbidity indicated the presence of groundnut oil. 
This test was used with slight variation for many years, the Bellier number being defined 
as the temperature at which the precipitation was initiated. The identification of
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adulterants posed a greater problem, as the physical and chemical properties previously 
relied upon were of little value. Colour reactions were extensively used, the first being 
developed in 1842 by Heydenreich. It utilised the reaction of sulphuric acid with a small 
quantity of the oil under investigation. A few drops of the oil were added to a small 
quantity (2 or 3 ml) of sulphuric acid and left to stand without stirring. Olive oils, in 
general, kept their original colour turning slowly to bright yellow. Seed oils, other than 
groundnut and almond, gave immediate reddish colours of varying intensity. Several 
other colour reactions were developed and used intermittently throughout the early part 
of the twentieth century. Many reactions were developed for the detection of specific 
adulterant oils (Gracian, 1968). Thin-layer chromatography, gas chromatography and 
infrared spectroscopy gradually began to supersede initial methodologies during the 
1940s, 50s and 60s. Infrared spectroscopy of lipids dates back to the beginning of the 
twentieth century when the spectra of fatty acids and vegetable oils appeared in the first 
compilation of IR spectra, published by Coblentz in 1905. IR has been used to determine 
the geometric configuration of double bonds, to study the autoxidation in lipids and, 
more recently, to detect adulteration of virgin olive oils (Ismail et al, 1999). This led on 
to the more sophisticated methods of gas chromatography coupled to mass spectrometry 
(GC-MS), nuclear magnetic resonance (NMR) and high performance liquid 
chromatography (HPLC).
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2.5 IMPORTANCE OF FATS IN THE HUMAN DIET
Fats are a vital source of energy. 25% of daily calorie intake should be from fats or oils 
in a balanced diet, less than 10% of which should be saturated fats. Fats provide energy, 
they form part of the membrane surrounding each cell and they are precursors of 
prostaglandins and other chemical messengers. Most of the fat needed by the body is 
produced from sugars and starch. However, polyunsaturated fats cannot be synthesised 
by the body and need to be introduced through diet. Linoleic and alpha-linolenic acids 
are essential fatty acids used by the body to produce omega-6 and omega-3 fatty acids 
respectively. These fatty acids (found mainly in oily fish) are thought to contribute to 
reducing the risk of heart disease (Sinclair, 2000). The main benefits attributed to 
consuming olive oil arise from its high content of monounsaturated fatty acids. It has 
been shown that these reduce the level of the 'bad' LDL cholesterol whilst having little 
effect on the 'good' HDL cholesterol. The reduction of LDL cholesterol reduces the risk 
of arteriosclerosis and cardiovascular diseases (Caruso et at., 1999). Olive oil is more 
easily absorbed in the body than other oils because of its unsaturated fatty acid 
composition. It facilitates the transfer within the body of fat-soluble vitamins, which aid 
bone growth, essential for child development. Lack of fat in a diet causes deficiency of 
vitamins A, D, E and K, as these vitamins are only soluble in fat.
2.6 SAMPLE SET ORIGIN
A unique sample set was obtained directly from Greece that consisted of olive oil from 
three consecutive harvests, 1994/95, 1995/96 and 1996/97. Each harvest was given a 
sample code letter (D, E and F respectively). Within each harvest oils from various
24
districts of Greece were represented including oils from Crete. Extra virgin olive oil and 
other vegetable oils used for the optimisation and investigations using SFE and SPME 
were obtained from a high street retailer (Tesco).
2.6.1 Maps
The maps below (Figures 2.7 and 2.8) show the geographical detail of sample sets.
2.6.2 Sample set information
The origins of each oil, the harvest conditions and degree of ripeness of the harvested 
olives are shown in the following tables. Information on the D set can be found hi Table 
2.3, information on the E set can be found in Tables 2.4 and 2.5 and information on the F 
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Figure 2.7 - Map of Greece showing geographical origins of oil samples
«
Figure 2.8 - Map of Crete showing specific districts
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CHAPTER 3 
3 Multivariate Analysis
3.1 THEORY AND TECHNIQUE
Multivariate analysis is an area of chemometrics, which is the application of modern 
statistical methods such as experimental design, calibration, pattern recognition and 
signal analysis to chemical data. Most chemical measurements are multivariate, i.e. more 
than one measurement can be made on a sample. For example, a spectrum scanned at 
hundreds of wavelengths is multivariate, whereas a spectrum scanned at a single 
wavelength is univariate (contains only one measurement).
There are many multivariate methods, some of which are appropriate to this study and 
include:
* Principal Components Analysis (PCA)
* Soft Independent Modelling of Class Analogy (SIMCA) 
+ Cluster Analysis
* Regression Methods:
Multiple Linear Regression (MLR) 
Partial Least Squares Regression (PLS) 
Principal Components Regression (PCR)
Multivariate analysis will provide a powerful tool to analyse and classify the olive oil 
samples used in this work. Cluster analysis will offer initial insight into whether the oil 
samples can be differentiated on the basis of geographical origin and harvest year. PCA 
of the data can then produce models specific to oils from a certain area/year and SIMCA
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results in the form of Cooman's plots will give a visual representation of the sample-to- 
model distance. Additional results from SIMCA will also give information on which 
spectroscopic variables are important to the model and how well specific variables 
discriminate between the two models, giving opportunity to discover which peaks are 
responsible (in NMR and IR) for the differences in geographical/year of origin.
Regression techniques will be used to characterise pure olive oil samples compared to 
olive oil adulterated with vegetable oil. Depending on the robustness of the resulting 
models, adulteration prediction can be attempted using PLS1 to determine the lowest 
level of adulteration that can be detected with confidence and reproducibility.
3.1.1 Principal Components Analysis (PCA)
PC A is a projection method which investigates in what respect samples differ from each 
other, which variables contribute most to this difference and the extent to which the 
variables are correlated. It also detects any patterns present in the data, which allows 
sample grouping. PCA forms the basis for other multivariate methods, regression 
(PLS/PCR) and classification methods (SIMCA). PCA reduces and therefore simplifies 
the dimensionality of the data set while retaining its information content (Adams, 1995).
The linear combinations of the initial variables that contribute most to the difference 
between the samples are called Principal Components (PCs). They are computed so that 
the first PC carries the most explained variance, the second PC carries the maximum 
share of the residual variance not taken into account by the first PC, and so on. The first 
PCs therefore contain the most valuable information and so carry a higher ranking, the 
latter PCs contain little information of value and large proportions of noise. PCA rotates
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and transforms the original axes, in which each represent an original variable, into new 
axes, which are orthogonal (i.e. new variables are uncorrelated). PCA, like other 
methods of multivariate analysis, calibrates and validates results in the computation of 
each model component (PC). Calibration finds the new component and validation 
checks whether the component describes the new data well. The resulting graphs 
produced by PCA give information on three sets of attributes, variances, loadings and 
scores.
3.1.1.1 Variances
Variances are error measurements and express the importance of a principal component. 
Residual variance shows how much variation in the data remains to be explained after 
taking into account the current PC. It is expressed as the mean square of its residuals for 
all model components. Sample residuals are defined as the difference between the 
original location of a data point and its location after projection on to the model. The 
total residual variance shows the overall modelling error over all variables. Explained 
variance is a measurement of the proportion of variation in the data accounted for by the 
current PC. It is also computed as the mean square variation and the total explained 
variance measures the proportion of the original variation in the data that is described by 
the model. Both forms of variance therefore show how well the model fits the data. 
Most of the variation in the data can be explained if the model has a total residual 
variance close to 0 or a total explained variance close to 100%. Figure 3.1 shows an 
example of a residual variance plot where the green line shows the variance in the 
validation set and the red line the calibration set variance. The residual variance in the 
calibration set after the first PC is 0.22%, PC 2 explains a further proportion of the
34
variance as do PCs 3 and 4 until after PC 5 virtually all the variance has been accounted 
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Figure 3.1 - Example of a PC A plot of residual variance for validation and 
calibration sets
Models where the residual variance does not go to zero with the minimum number of 
components, suggests the presence of large amounts of noise within the data. The 
presence of outliers is another possible reason for a large residual variance. Outliers are 
measurements which appear significantly different to other samples and detrimentally 
influence the model.
3.1.1.2 Loadings
Loadings describe the relationships between variables. Each variable has a loading on a 
PC and it shows how much the variable contributes to the particular PC and how well the 
PC accounts for the variation of the variable over the data points. It is the cosine of the 
angle between the variable and the particular PC. Loadings range between -1 and +1.
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The higher the correlation between the variable and the PC, the higher the loading. If 
variables have high loadings along the same PC it means they are highly correlated with 
that PC. The following examples, using jam characteristics, are all taken from tutorials in 
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Figure 3.2 - Example of a loading plot of the sensory characteristics of jam samples
Figure 3.2 shows an example loadings plot for the first two principal components, where 
redness and colour (of jams) are close together (on the right of the plot) with a relatively 
high loading along PC 1 (x axis). This shows that redness and colour are positively 
correlated with each other and are described by the first PC.
The second PC (y axis) separates off-flavour (negative loading) from raspberry smell and 
flavour (positive loadings). Raspberry smell and raspberry flavour are positively 
correlated with each other and appear at the top of the plot. Cross referencing with the 
scores plots would indicate that the further up the scores plot the samples (on the second 
PC), the more the samples would have a raspberry smell and flavour (Figure 3.3).
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3.1.1.3 Scores
Scores describe the properties of the samples and show differences or similarities in 
sample patterns. Each sample has a score on each PC, it shows the sample location 
along that PC and describes the major features of the sample. Samples with similar 
scores along the same PC are similar and vice versa. Scores, like loadings, can have 
positive or negative values. If the loading of a variable and the score of a sample on a 
PC have the same sign, the sample has a higher than average value for that variable and 





















Figure 3.3 - Scores plot of jam fruit by harvest time (H) and cultivar (C).
Figure 3.3 shows an example of a scores plot using jam samples from different fruit 
cultivars, (C1-C4), harvested at different times, (H1-H3). Sensory qualities (Figure 3.2) 
were evaluated and compared to spectroscopic data (Camo, 1998). The scores plot 
(Figure 3.3) shows sample grouping along the first PC by harvest time (first harvest - 
red, second harvest - green, latest harvest - blue) therefore, the first PC describes 
characteristics found between fruit picked at different times. The second PC describes
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the differences encountered due to differing cultivars, with the C4 samples at the top of 
the plot, moving down to the Cl samples at the bottom.
The loadings (Figure 3.2) and scores (Figure 3.3) plots can be combined, as samples that 
appear in a specific area of the scores plot have much of the properties of the variables in 
the same area of the loadings plot, to give valuable information. For example, C1H3 and 
C2H3 samples both have relatively high positive scores and appear in a similar area of 
the plot as strong redness and colour intensity along the first PC in the loadings plot. 
Therefore, these two samples would be expected to have strong colour intensity. C4H3 
and C4H2 have a positive score along the second PC, which from the loadings plot 
(Figure 3.3) differentiates between raspberry smell and flavour (positive loading) and 
off-flavours (negative loading). C4H3 and C4H2 would therefore, be expected to have a 
more characteristic raspberry smell and flavour than C1H2 which has a negative score 
along the second PC.
3.1.2 Soft Independent Modelling of Class Analogy (SI MCA)
SIMCA is a classification method which makes a PCA model for each class in a training 
set (samples on which the calibration is based). It then compares unknown samples and 
places them in corresponding classes to establish whether they fit the model in the 
particular class. Each class requires a PCA model (mathematical equation summarising 
the variations in a data set arising from principal component analysis) which, therefore, 
requires that sufficient samples are present for each distinct class and that there are 
enough variables to describe accurately the samples. Provided the classes do not overlap 
significantly, unknown samples can be fitted to each model or left as unclassified. PCR
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or PLS models can also be used for SIMCA classification where only the X part (e.g. 





















Figure 3.4 - Explanation of a Cooman's Plot
A Cooman's Plot (Figure 3.4) gives graphical representation of the orthogonal distances 
from samples to two different classes (models). Samples that fall within the membership 
limit of a class can be said to belong to that class. Samples which appear in the bottom 
left area of the plot are doubly classified as belonging to both models and satisfactory 
classification has not been achieved.
3.1.3 Cluster Analysis
Cluster analysis arranges groups of similar samples into clusters by means of different 
classification algorithms. It is often the first method of data analysis employed to 
explore the diversity in a data set and to determine whether patterns exist within the data.
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Hierarchical clustering starts with each object (e.g. an oil sample) in its own cluster and 
sequentially links clusters of similar samples until large clusters of increasing dissimliar 
samples are aggregated. The visual representation of this type of clustering is usually a 
dendrogram which show the clusters being combined and the values of the distance 
coefficients between each group. The actual distances are rescaled to between 0 and 25 
and connected vertical lines designate clustered samples. There are several forms of 
linkage and ways to describe distance measurements between samples. Ward's method 
of creating clusters uses analysis of variance to evaluate the distance between groups and 
minimises the sum of the squares of any two clusters that could be hypothetically formed 
at each stage. Ward's method is regarded as a very efficient method of linkage 
(StatSoft, 2001). The distance between two samples in multidimensional space is used 
as a measure of their dissimilarity and the squared Euclidean distance is the sum of the 
squared differences between the values for the samples (Ooyen, 2001). This is the most 
commonly used type of distance measurement.
3.1.4 Regression Methods
Regression methods are used to try to fit a model to observed data to quantify the 
relationship between two data matrices relating to groups of variables, X (spectroscopic 
measurements) and Y (percentage composition of oil mixture). The model is then used 
to describe the relationship and to predict new values. The model is constructed 
involving the two data matrices X and Y and tries to predict the variations in the Y 
variables from the variation in the X variables by building the model so that Y =/(X).
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3.1.4.1 Partial Least Squares Regression (PLS)
PLS is a projection method similar to PCA in that the first PC in a model carries the 
largest amount of information, followed by the second PC etc. PLS models the X and Y 
matrices concurrently to find latent variables (variables derived from measured variables 
e.g. PCs) in X that will best predict the latent variables in Y (Livingstone, 1995). There 
are two applications of PLS:
* PLS1 uses one response variable (i.e. measured output variables that
describe the outcome of the experiments, e.g. % adulteration) at a time 





















RESULT2. (Y-var, PC): (REDNESS,5)
Figure 3.5 - Example of PLS1 regression plot for the prediction of redness of jam 
samples by spectroscopic data
Using the jam example, Figure 3.5 shows a plot of predicted y-values against measured 
y-values for the prediction of variations in sensory variables (redness) of jam samples 
from spectroscopic variables. This plot checks the quality of the regression model by
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comparing the two sets of y-values and calculating a root mean squared error of 
prediction (RMSEP). The lower the RMSEP the better the model fits the data. If the 
model is a good fit the plot will show samples lying close to a straight line, which goes 
through the origin (offset close to 0) and has a slope close to 1. The relevant statistics 







RENE COOU SHISJI R.ME R.LA SWET SORN BITE OF-F JUCI THCK CHW.
RESULT4. (Y-var, PC): (PREFEREM.2)
Figure 3.6 - Plot showing regression coefficients for jam sensory characteristics
Figure 3.6 shows examples of regression coefficients, which give the cumulative 
importance of each of the variables to consumer preference. Redness, colour and 
sweetness are the most important qualities in jam according to the sensory evaluation. 
PLS calculates the latent variables and the regression coefficients concurrently 
(Livingstone, 1995).
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3.1.4.2 Multiple Linear Regression (MLR)
MLR involves a matrix inversion where the variables must be linearly independent in 
order to use variables as predictors, hi order for the matrix to be inverted MLR requires 
that there be more samples than predictors. MLR produced models are used in principal 
components regression.
3.1.4.3 Principal Components Regression (PCR)
PCR is a two step method, which decomposes the X matrix by PCA then fits an MLR 
model using the resulting PCs. PCR results give information on scores, loadings, 
predicted Y values, error measurements, residuals and regression coefficients. As X 
variables must participate independently in the model for MLR only Y variance (residual 
and explained) is apposite. The Root Mean Square Error of Calibration (RMSEC) gives 
information on the average modelling error and is a measurement of the average 
difference between predicted and measured response values at the calibration stage. The 
Root Mean Square Error of Prediction gives the average prediction error at the validation 
stage (Martens et al, 1991).
3.1.5 Comparison of Regression Methods
Certain factors need to be considered when choosing a relevant regression method for 
data analysis. For MLR the number of variables must be smaller than the number of 
samples and if data is used with a high noise content MLR can overfit (i.e. describe too 
much of the variation in data by using noise as well as true sample variation). MLR and 
PCR only model one Y variable at a time whereas PLS uses the dependent and 
independent variables alternating repeatedly between X and Y to find the correct number 
of PCs. PLS therefore reaches an optimal solution with fewer PCs than PCR. PLS2 is a
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useful method if it is necessary to interpret all variables simultaneously but PLS1 or PCR 
generally gives improved prediction, as they model each Y variable separately. PLS1 
requires fewer components than PCR and gives analogous results (Camo, 1998). 
Therefore PLS1 will be the regression method used throughout this study to characterise 
and predict olive oil adulteration.
3.1.6 Validation
Validation is an extremely important step in any multivariate analysis. Once a model has 
been described, validation checks how well the model would predict unknown samples. 
The model is said to be valid if the uncertainty of future predictions is low. There are 
different forms of validation and the one used throughout this work is cross validation. 
Cross validation tests the robustness of regression models by showing that the omission 
of samples should not greatly affect the regression coefficients if the model is sound 
(Livingstone, 1995).
3.1.6.1 Cross Validation
Cross validation can be used in both PCA and PLS investigations. Model estimation and 
model testing are carried out using the same samples. Some samples are omitted from 
the calibration data set and these are used as test samples to assess the prediction ability 
of the model. This is repeated using different test samples until each sample has been 
used in the test group. All the resulting prediction residuals are combined to give the 
validation residual variance and the RMSEP. Validation residual variances are computed 
using prediction residuals instead of calibration residuals and they are used to find the 
optimum number of model components. The RMSEP gives the average uncertainty 
when predicting Y values for unknown samples. Full cross validation omits one sample
44
at a time. Although this is a slower method than validation methods which omit groups 
of samples at a time (segmented cross validation or test-set switch), it improves the 
power and relevance of the analysis (Martens et al, 1991).
3.1.7 Prediction
Once a regression model has been constructed, calibrated and validated the prediction of 
Y variables for unknown samples can be investigated. A prediction plot shows the 
predicted Y values for all samples with deviation. Deviation conveys how similar the 
prediction sample is to the calibration samples. The smaller the deviation the more 
similar the samples (Camo, 1998).
3.2 LITERATURE REVIEW OF MULTIVARIATE ANALYSIS IN 
EDIBLE OIL ANALYSIS
Multivariate analysis has been used extensively in the characterisation of oils over the
last two decades and its use in analytical methodology development was discussed in a 
review of recent approaches (Miller, 1995). It enables large sets of data, such as chemical 
spectra, to be analysed rapidly and the data classified and predicted by pattern detection 
arising from any variation in the data set. This facility of sample grouping has proved 
useful in many investigations into the geographic origin of olive oils, olive oil 
characterisation due to olive variety and the adulteration of olive oil.
3.2.1 Principal Component Analysis (PCA)
Principal Component Analysis (PCA) has been used in various research studies using 
different methods of initial sample analysis. It has been used with infra-red data to
explore the viability of distinguishing between olive oil and potential adulterant oils (Lai
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et al, 1994; Wesley et al, 1995; Dupuy et al, 1996; Wesley et al, 1996; Guillen et al, 
1999). In all cases proving satisfactory sample grouping that identified variances 
between the composition of the pure adulterant oil and that of olive oil. Sample 
separations using chromatographic techniques, such as high performance liquid 
chromatography (HPLC) and gas chromatography (GC), have also successfully 
separated olive oil from pure adulterant oils using PC A (Tsimidou et al, 1987; Lee et al, 
1998; Webster et al, 1999). A large study comprising of fatty acid compositional data 
of Greek olive oils collected over 24 years, used PCA to geographically classify oil 
origins in an attempt to encourage the labelling of olive oil bottles with the area of origin 
(Tsimidou et al, 1993). Tsimidou had previously used HPLC and GC to geographically 
separate a smaller sample set of Greek oils and concluded that performing PCA on 
triglyceride compositional data had proved to be a promising technique for the 
classification of olive oils (Tsimidou et al, 1987). NMR data has also been subjected to 
PCA to determine adulteration detection (Shaw et al, 1997) and differentiate between 
olive varieties and geographical origin (Vlahov et al, 1999; Sacco et al, 2000).
3.2.2 Cluster Analysis
Cluster analysis is a good indication of sample grouping and has therefore been used in 
olive oil studies to attempt to distinguish between oils originating from different areas or 
different olive varieties. Proton NMR of the minor components of olive oil has been 
used to try to identify oils from the same olive variety (Sacchi et al, 1996) and to try to 
distinguish between oils originating from four regions of Italy (Sacchi et al, 1998). Both 
of these studies used hierarchical cluster analysis to produce dendrograms which 
concluded, in the second study, that 96% of samples were correctly clustered into 
geographical origin. Another group also used hierarchical clustering to distinguish
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between olive variety and origin, using LH NMR data. They concluded that the fatty acid 
composition was more useful for determining olive variety, whereas the phenolic 
fraction of olive oil was more successful hi correctly classifying oil origin (Sacco et al., 
2000). Clustering has also been used to investigate the differences between vegetable 
oils and argania oil. Argania oil originates from Morocco and in its country of origin it 
is considered to be the best culinary oil. It is ten times the price of olive oil and therefore 
open to similar adulteration problems. The study considered cluster analysis one of the 
best methods of determining oil similarity on the basis of fatty acid content (Rezanka et 
al, 1999).
3.2.3 Partial Least Squares (PLS)
Regression methods, such as PLS, enable the prediction of unknown samples once a 
model has been constructed for the observed data. This has shown to be constructive in 
the prediction of adulteration of olive oil sample with other vegetable oils (Lai et al, 
1995; Wesley et al, 1996) and also for the determination of geographical origin using 
I3C NMR (Shaw et al, 1997; Vlahov et al, 1999). PLS has been used for compositional 
investigations, using FTIR, to determine the free fatty acid range and content (Bertran et 
al, 1999) and to establish the tram- content of edible oils (Li et al, 2000).
Characteristics of olive oils described by sensory panels were related to the headspace 
analysis of volatile components in olive oil and found that PC A of the GC-MS headspace 
data gave similar clustering of samples to the sensory panel. PLS of the headspace data 
was used to predict specific descriptive qualities and attempted to identify the 
compounds responsible (Servili et al, 1995).
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CHAPTER 4 
4 Nuclear Magnetic Resonance (NMR) Spectroscopy
4.1 THEORY AND TECHNIQUE
Nuclear Magnetic Resonance (NMR) is a technique which detects the presence of 
chemical elements that have one or more isotopes whose nuclei are considered to spin 
and therefore generate a magnetic moment. Nuclei which have a spin of !/2, such as a 
hydrogen nucleus, have two possible alignments of the magnetic moment and can 
therefore exist hi one of two energy levels (Figure 4.1), with the external field (parallel) 
or against it (anti-parallel).
m = -1/2
m = +1/2
Figure 4.1 - Energy level diagram for a single spin system
Alignment with the field (m = +Vz) is the more stable arrangement and energy (E) needs 
to be absorbed in order to make the proton flip to the less stable alignment, against the 
field. The difference in energy between the two states ( A£ ) is 2 // Bo, where // is the
magnetic moment and Bo is the magnetic flux density of the applied field:
The stronger the external field, the higher the frequency (v) of the radiation needed to 
flip the proton (Duckett et al., 2000). A radio-frequency (rf) coil surrounds the sample to
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provide the necessary radiation. The spin system is subjected to a short intense pulse of 
rf power and at a specific field strength value the energy required to flip the proton 
matches the energy of the radiation and a signal is observed.
Fourier transformation (FT) is a mathematical transformation that relates time and 
frequency so that results obtained as a function of time can be expressed as a function of 
frequency. A nucleus does not remain in one energy state. It either absorbs energy to 
the anti-parallel alignment or loses energy to the parallel alignment. When equilibrium is 
reached between the two states the greater population of nuclei are parallel to the field. 
The time taken to reach equilibrium can be described using an exponential time constant 
TI, the spin-lattice relaxation time. This varies and depends on several factors, the 
temperature, viscosity and the strength of interaction between the nuclei and the rest of 
the sample. The magnitude of the magnetic moment (//) of the nuclei and the magnetic 
moments of other atoms within the sample affects TI. The effective magnetic field 
strength felt by a nuclei varies depending on the chemical environment of that nuclei. It 
will therefore require a slightly different applied field strength to produce the same 
effective field strength for protons hi different environments. Depending on the chemical 
environment, nuclei of the same species absorb energy at different frequencies becau^fe 
of altered magnetic fields arising from shielding effects of orbital electron motion. This 
leads to a separation in the signals termed the chemical shift ( 8 ). The chemical shift is 
field dependent so, to avoid confusion with different magnetic fields being used in 
different spectrometers, they are quoted as a ratio between the frequency difference and 
the frequency of a reference compound. The values obtained are very small and 
therefore are multiplied by 106 hence the resulting chemical shifts are represented in 
parts per million (ppm) (Shaw, 1976). The reference compound used to determine shift
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values (in 13C and *H NMR) is tetramethylsilane (TMS). It is very unreactive, easily 
removed from a sample due to its volatility, gives an intense single absorption line 
arising from twelve equivalent protons and very few other resonances fall close to it at 
O.Oppm. The majority of chemical substances give positive shifts (lower applied 
magnetic fields) with relatively few at higher magnetic field (negative shift).
4.1.1 13C NMR
A carbon NMR spectrum gives information on the carbon skeleton of a molecule, the 
number of different carbons and the electronic environment with respect to functional 
groups. Due to the smaller magnetogyric ratio and low natural abundance of 13C 
(1.108%), it is less sensitive to NMR than 'H. The magnetogyric ratio is the magnitude 
of the nuclear magnetic moment, which is the ratio of the magnetic moment to the 
associated angular momentum. 13C spectra are also subject to large nuclear Overhauser 
enhancements (nOe), which result in unreliable integration, making it unsuitable for 
quantitative work.
4.1.1.1 Nuclear Overhauser Enhancement (nOe)
Spin-lattice relaxation occurs along the z axis and is a through-space connection which 
gives information on the distance between spins. One result of such relaxation is nOe. 
Following the excitation of the spin population, by electromagnetic radiation at an 
appropriate frequency, its return to equilibrium where excess energy passes from the 
spins to the surroundings (lattice) is called spin-lattice relaxation. The dominant 
magnetic fields, in diamagnetic molecules, are due to the dipole-dipole interactions 
produced by the magnetic moments of protons in the same molecules as they tumble in 
solution (Sanders et al., 1993). The rate of dipole-dipole relaxation depends on the
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cubed distance between the nuclei involved, the effective correlation time of the vectors
that join the nuclei ( T c) and the nature of the nuclei. The rate at which nOe grows and 
decays is a measure of the strength of the dipole-dipole interactions between two spins. 
As this is dependent on the proximity of the nuclei the efficiency of the relaxation 
decreases with increasing interatomic distance. Carbon nuclei are primarily relaxed by 
neighbouring protons, the more protons attached to the carbon, the faster it relaxes and 
the broader the signal becomes. Proton-proton interactions tend to be the dominant 
relaxation process for protons hi diamagnetic molecules as the strength of the dipole- 
dipole interaction depends on the square of the product of the magnetogyric ratios. To 
demonstrate, Figure 4.2 shows the equilibrium population distribution for dipole-dipole 
relaxation in a two-spin system. It consists of homonuclear protons I and S, which relax 




0 O O 0
WlS
1
Figure 4.2 - Energy level diagram to explain nOe based on a two-spin system
where:
Wn - Transition probability single quantum
Wis - Transition probability single quantum
Wz - Double-quantum process that corresponds to the simultaneous relaxation of both
spins
Wo - Zero-quantum process corresponding to a mutual spin-flip - excess energy moved
from one spin to another not to surroundings.
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Spectrum of I corresponds to the transitions 1,3 and 2,4, spectrum of S corresponds to 
the transitions 1,2 and 3,4.
If spin S is saturated a new population distribution develops as relaxation occurs through 
Wi and Wo. By establishing a Boltzmann distribution between levels 1 and 4, W2 
increases the intensity of I transitions while Wo decreases the intensity of I by attempting 
to equilibriate levels 2 and 3. The competition between W2 and W0 results in a net 
change in the intensity of I, which is the nuclear Overhauser effect. The sign of the 
observed nOe is dictated by whichever is the dominant relaxation pathway between Wj 
and Wo (Ciaridge, 1999). If both I and S have the same magnetogyric ratio (e.g. both 
protons) then the maximum enhancement in signal will be 50% irrespective of the inter­ 
atomic distance. A much greater enhancement (198%) is seen when carbon spectra are 
acquired with proton irradiation. This gives a threefold improvement in signal-to-noise 








where «9 = frequency
/ = magnetogyric ratio
s/n = maximum signal to noise enhancement
In order to achieve comparable integrals in 13C NMR, the range of nOe in a molecule
need to be equalised. Using an inverse gated program where the decoupler is on during
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pulse and acquisition but is off during relaxation delay equalises the nOe to zero as none 
of the carbon signals would be enhanced. Due to the increase in signal-to-noise when 
nOe is present, a much longer time (5 x TI of the longest relaxation tune) is needed to 
achieve a comparable signal without nOe and this equates to approximately a ninefold 
increase in acquisition time.
4.1.1.2 Literature Review - 13C NMR
13C NMR has been used extensively in olive oil studies. Studies have attempted to 
discriminate between cultivars/geographical origin, using the fatty acid distribution or 
the unsaponifiable fraction of olive oil (Section 4.1.1.3). 13C NMR has also been used to 
characterise composition of oils by their fatty acid content and the phenolic compounds 
present (Section 4.1.1.4). The different grades of olive oil have been investigated and 
characterised using the composition of mono-, di- and triglycerides in superior grade oil 
(Vlahov, 1996) and also by characterising the unsaponifiable matter in olive oil (Zamora 
et al., 1994). The detection of adulteration has also been well documented using 
methods including fatty acid composition (Section 4.1.1.5).
4.1.1.3 Discrimination between cultivars/geographical origin
It was shown for the first time in 1997 how 13C NMR could be used, with advanced 
chemometric techniques, to differentiate between olive oils from different regions and of 
different varieties (Shaw et al., 1997). The I3C spectra were obtained using an inverse- 
gated proton decoupled arrangement to overcome the nOe and a waiting time of 20 
seconds between pulses was adopted to ensure all magnetisation was recovered between 
pulses, therefore satisfying the requirement of 5 x TI relaxation times. The data obtained 
for the carbonyl, olefinic and aliphatic regions was analysed using in-house
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chemometrics programs. The dilemma of selecting variables was discussed for 
multivariate analysis and whether there is value in reducing the variable set size before 
the initial calibration model is created. They quote other studies which have concluded 
that variable reduction generally improves the results of PCA and PLS. It has also been 
shown that the greater the number of independent variables the greater the possibility of 
chance correlations between unrelated variables (Horchner et al, 1995; Miller, 1995). 
Shaw et al. concluded that although regional variation was more difficult to separate than 
variety of olive, 3 C NMR discriminated and classified variety and geographical origin. 
Variable selection improved the predictions and multiple PLS 1 models performed better 
than a single PLS 2 model (Shaw et al, 1997).
Distortionless Enhancement by Polarisation Transfer (DEPT) was used in a study to 
discriminate between oil cultivars. The DEPT pulse sequence enhances the 13 C spectra 
by transferring the nuclear spin polarisation from spins with large Boltzmann population 
differences, such as protons, to species with low Boltzmann factors, such as 13C. 
Coupled with PCA and PLS multivariate analysis, they agreed with the Shaw study that 
geographical discrimination was more difficult than variety classification. Their results 
compared favourably with their previous studies despite the lack of signals in the 
important carbonyl region, which detects the presence of saturated chains, with the 
DEPT sequence (Vlahov et al., 1999). The ratio of a (1,3) positions to fi (2) position
oleic and linoleic acids were used to quantify results for oils from different areas of 
Greece (Mavromoustakos et al, 1997) and it was suggested that these ratios could be 
used to identify adulteration.
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4.1.1.4 Characterisation of oil composition
The phenolic constituents of olive oil have been well researched due to the link between 
phenolics and antioxidant properties. Studies have compared other techniques for 
structure elucidation with NMR (Brenes et at., 1999; Bianco et al., 2000; Brenes et al., 
2000), employing various NMR pulse sequences such as DEPT (Owen et al, 2000) and 
using both ID and 2D NMR (Servili et al, 1999). Investigating the fatty acid 
composition of oils has occupied several research groups with quantitative work 
generally using the inverse gated program to suppress the nOe (Sacchi et al, 1991; 
Vlahov et al, 1996). Vlahov did find that the nOe enhancement factors of different fatty 
acids chains on the carbonyl carbon resonances were affected by proton decoupling to 
the same extent (Vlahov, 1998), leading to the conclusion that this region of the spectra 
can be acquired with full nOe for quantitative purposes. This gives higher signal-to- 
noise ratios with shorter experimental times. This information was then used to 
characterise the triacylglycerols in different parts of the olive fruit (Vlahov et al, 1999) 
and to obtain detailed carbonyl composition information (Vlahov, 1999). However, to 
acquire an entire 13C spectra the inverse gated sequence was used.
The carbon atoms of a — and /3 — acyl chains show different chemical shifts that have
been used to characterise olive oils. However, variations in observed values from 
different research groups have not given conclusive values. The values of the 13 C 
chemical shifts are dependent on concentration, which can lead to disparity in data from 
different sources. The shifts for the carbonyl carbons for position 1,3- of the oleic, 
linoleic and eicosenoic chains and the 2- position of the oleic and linoleic chains are 
particularly susceptible to concentration fluctuation and it is these areas that have been 
proposed as characterisation markers. A study undertaken to assign the 13 C NMR
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spectra of oils as a function of concentration, attempted to ratify the concentration 
dependence (Mannina et al, 2000) and concluded, in contrast to previous studies, that 
the shifts of a fatty acid in a triglyceride are independent of the other two fatty acid 
substituents. They added pure triglycerides to various edible oils, including olive oil, 
and observed increases in signal intensity of some of the peaks but no new shifted signals 
were apparent. The chemical shift for any fatty acid in any position, irrespective of the 
composition of the triglyceride, as a function of concentration should therefore allow the 
reliable characterisation of oils.
31P has also been investigated to characterise fatty acid composition in an attempt to 
overcome the long relaxation times necessary in 13C NMR and the problem of 
overlapped peaks hi 'H NMR (Spyros et al, 2000).
4.1.1.5 Determination of adulteration
Many of the research projects that have classified oils by their fatty acid composition 
have suggested the methods employed, especially the ratio of oleic to linoleic acids, 
could be used to detect adulteration of olive oil with cheaper oils higher in 
linoleic/linolenic acids. One study used an inverse gated pulse sequence to suppress the 
nOe and selected specific peaks from the olefinic area (127 - 130 ppm) to subject to 
statistical analysis (Mavromoustakos et al, 2000). Adulteration levels of between 5 and 
80% were tested using discriminant analysis and they found that adulteration levels of 
above 40% were classified with 100% success, with 80% success <40% adulteration 
and none of the adulterated samples were misclassed as unadulterated olive oil. DEPT 
was used (Vlahov, 1997) to detect soybean adulteration by plotting calibration graphs of 
the oleyl C-9, the linoleyl and linolenyl C-10 against the percentage soybean
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adulteration. The limits of detection for oleyl, linoleyl and linolenyl chains were 
calculated and it was determined that the linear correlations observed were not random.
4.1.2 Literature Review - !H NMR
Proton NMR has been used to shorten the acquisition times and circumvent the problem 
of nOe associated with 13C NMR analysis (nOe only affects spin-decoupled *H NMR). 
As *H NMR is more sensitive than 13 C NMR, it has been used to analyse the phenolic 
fraction and the volatile components of olive oil, for use in determining geographical 
origin and adulteration. It was found that the volatile components produced by oxidation 
of olive oils at high temperatures were formed hi two stages (Moreno et al., 1999). Up 
to 150°C the fats take up oxygen to form hydroperoxides and then a second oxidation 
takes place to form carbonyl compounds, mainly aldehydes. Signals were recorded at 8 - 
8.5 ppm for the hydroperoxides (at 150°C) and at 300°C the peaks disappeared being 
replaced by aldehydic signals at 9.4 and 9.6 ppm. They concluded that there was a 
significant increase in the amount of carbonyl compounds formed over 200°C, a 
temperature regularly exceeded whilst frying food, and that olive oil and sunflower oil 
had shown the greatest increase in these potentially harmful degradation products.
Two dimensional proton NMR was used (Sacchi et al., 1996) to look at the composition 
of olive oil with PCA and clustering statistics used to analyse the data. An attempt to 
characterise Italian olive oils by region used the proton NMR of the phenolic and fatty 
acid components (Sacco et al. , 2000). It was concluded that using data from the phenolic 
fraction of the oils in multivariate analysis gave better geographical separation. They 
found no correlation between fatty acid composition and geographical origin in their
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limited sample set of 28 oils. The differences in fatty acid composition were used on 
selected proton peaks to differentiate between olive, hazelnut and sunflower oils (Fauhl 
et al., 2000). Using discriminant analysis this study demonstrated that there was 
significant difference between the oils and a plot of discriminant functions showed that 
adulterated oils would fall outside the defined groups, therefore making detection 
possible.
Another study used NMR and gas chromatography (GC) to detect adulteration of olive 
oil with hazelnut oil. They concentrated on the terminal methyl region of the spectrum 
(0.6 - 1.0 ppm) where the saturated and monounsaturated glyceride signals overlap but 
the terminal methyl of linoleic acid has one distinguishable peak at 0.84ppm and the 
triplet arising from linolenic acid occurs at 0.925 ppm. Direct comparison of this triplet 
intensity and the intensity of the 13 C satellites of the main methyl resonance is indicative 
of the amount of linolenic acid present in a sample. A level of between 0.4 and 0.8% 
linolenic acid is expected in olive oil and 0.9% is the maximum set by EU regulation 
(Mannina et al., 1999). Anything above this percentage is suggestive of seed oil 
adulteration. The discriminant analysis used gave good grouping for hazelnut and olive 
oils and the minimum hazelnut adulteration detectable was 10%.
Fifty-five Italian oils were also subjected to high-field proton NMR and multivariate 
analysis to characterise them using the minor unsaponifiable components (Sacchi et al., 
1998). Cluster analysis of the data set was performed and gave good classification for 
the four main geographical areas. 96% of the samples were correctly classified and they 
concluded that the combination of proton NMR and multivariate statistics was a useful 
tool in geographical classification.
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4.1.2.1 'H Peak Assignment
Figure 4.3 shows a typical proton NMR spectrum with a key, relating to Figure 4.4, 
showing which protons in a triacylglyceride give rise to a specific signal. An example of 
a possible triacylglyceride structure is shown in Figure 4.4. The three fatty acids present 
are linoleic acid, oleic acid and linolenic acid. The structure is not geometrically correct 
in order to show clearly the difference hi fatty acid structure to assign peaks on the NMR 
spectrum. Olive oil has a large percentage of oleic acid and is naturally low in linoleic 
and linolenic acids (polyunsaturated acids). Adulteration with oils high in these 
polyunsaturates, such as sunflower oil, is detectable by monitoring the peak at 2.73 ppm 
(H5) or the peak at 5.2 ppm (HI). A ratio of less than 4:3 of H7:H11 indicates the 





































Showing proton NMR assignment 
(H)
H7
H9 All other unmarked CH
H7
Figure 4.4 - Example of triacylglyceride structure with proton NMR assignment 
with reference to Figure 4.3
4.2 METHOD
4.2.1 13C NMR METHODOLOGY
Olive oil samples from 1995/96 harvest (E set) from Crete were diluted 28.5% w/v in 
deuterated chloroform. Each oil was also adulterated with 2% and 5% sunflower, soya, 
corn and cotton oil. Pyrazine (0.015 g) was added as an internal standard. Actual 
weighings are shown in Appendix B. Spectra were obtained for the pure oils and for 
each of the contaminated samples.
The 13C spectra were run on a Jeol 270 MHz spectrometer using the parameters detailed 
in Table 4.1. Long repetition times were used to allow for adequate relaxation.
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Table 4.1 - 13C NMR parameters
PARAMETER VALUE
Frequency 13 5 60 Hz
Pulse angle 90°
Pulse width 7.5 us
Acquisition time 2.7 s
Repetition time 41.8s
Data points 128000
Broadening factor 0.16 Hz
Temperature 40°C
Number of scans 400
The resulting spectra were imported into the Grams 32 software package to allow peak 
alignment and peak picking with relevant individual values assembled and imported hi 
Microsoft Excel. The peak areas were then standardised for 0.015 g of pyrazine and for 
a total weight of 4.0 g oil. The information was then imported into Unscrambler 7.5 
(Camo ASA, Norway) software for multivariate statistical analysis.
To attempt to overcome any nuclear Overhauser enhancement resulting from C NMR, 
heteronuclear multiple quantum correlation (HMQC) was undertaken. HMQC is a 
heteronulear correlation technique that identifies protons with their directly bound 
carbons. The pulse sequence utilises zero and double quantum coherence between 
coupled protons and carbons and labels each proton with the frequency of the directly 
bonded carbon. Magnetisation is transferred from the proton to its directly attached 
carbon and back to the proton, for higher sensitivity. The results are displayed as a 2D 
map, with one dimension representing 13C shifts and the other 1 H shifts.
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4.2.2 *H NMR METHODOLOGY
J H NMR spectra were obtained for the E set of Greek oils at different sunflower oil 
adulteration levels, 0%, 1%, 5% and 10% for the Crete oils and 0%, 1% and 5% for the 
non-Crete oils. The F set of Crete oils was also investigated at 0%, 1% and 5% 
sunflower oil adulteration. The spectra were run on a JEOL 400 MHz spectrometer in 
the Institute for Spectrochemistry and Applied Spectroscopy in Dortmund, Germany, 
using the parameters detailed in Table 4.2.













Broadening factor 0.122 Hz
Temperature 40°C
Number of scans 8
The resulting spectra were imported through the Grams 32 software (Galactic, USA) to 
align spectra and allow importation into the Unscrambler multivariate statistics program. 
All spectra were standardised for actual amounts of oil and Principal Component 
Analysis (PCA) and Partial Least Squares (PLS) carried out on all samples. PCA and 
PLS investigations were carried out using all variables and also selected variables, 
chosen for their chemical importance (Fauhl et al., 2000). The selected peaks and their 
origins are detailed in Table 4.3 below:
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Table 4.3 - Selected peaks and their chemical shifts used throughout the 1H NMR
multivariate investigations
Range of Chemical Shift Peak Assignment in a 
________(ppm)____________triacylglyceride_____ 




2.50 - 2.77 CH between C=C in PUFAs
5.07-5.19 CH at/? -position on
glycerol molecule 
5.19-5.35 CH on OC in unsaturated
_________________________triglycerides_____
4.3 RESULTS AND DISCUSSION
4.3.1 13C NMR
The 13 C spectra were imported into the Grams 32 software to allow manipulation and 
then into Microsoft Excel to standardise the peak areas relative to actual oil and pyrazine 
(internal standard) content. Table Bl in Appendix B details the exact sample content and 
percentage dilution.
Each unsaturated carbon signal was split depending on the chain position occupied on 
the glycerol backbone and Table 4.4 details 13C NMR peak assignment from literature 
values.
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Example spectra of the ethylenic region of an unadulterated oil compared to the same oil 
adulterated with 5% soya oil is shown in Figure 4.5, and the carbonyl region in Figure 
4.6. The ethylenic (127 - 130 ppm) and carbonyl (170 - 173 ppm) regions showed an 















0 = Oleyl peaks 
L = Linoleyl 
Ln = Linolenyl
09 = Oleyl Carbon 9







Figure 4.5 - Comparison of unadulterated (A) and 5% soya adulterated (B) C 
NMR spectra in the ethylenic region of the spectrum of olive oil
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In Figure 4.5, the peaks arising from carbons 10 and 12 in a linoleyl chain (127.6 - 127.8 
ppm) showed an increase in peak height when soya oil was added to the olive oil (bottom 
spectrum). Linoleyl peaks (C-9 and 13) at 129.6 ppm and 129.8 ppm were also 
increased. The larger peaks, at 129.3 ppm and 129.7 ppm arise from the oleic acid 
present. As olive oil contains a greater percentage of oleic acid than the adulterant oils, 
no increase would be expected or was seen. The spectra showing 5% soya adulteration 
also detected a peak at 127.5 ppm, which is due to linolenic acid (C-10) not seen in the 
unadulterated spectra.
The carbonyl region (Figure 4.6) for unadulterated oils showed the presence of linoleic 
acid as shoulders on the oleyl peaks (172-174 ppm). When adulterated with 5% soya oil, 
the peaks showed an increase in resolution. The carbonyl region gives structural 
information on the positional distribution of fatty acids on the glycerol backbone. There 
is a shift of 0.4 ppm observed between the carbonyl peaks depending on whether the 
fatty acid is attached at the 1,3- or the 2- position on the glycerol backbone. The 
resonating frequency is higher when the chains are attached at the 1,3- position. The 
carbonyl carbons of the chains attached at the 2- position have decreased mobility 
compared to those attached at the 1,3- position and so have a shorter relaxation time 
(Vlahov, 1998). At the 2- position (172.85 ppm) there is partial overlap between the 
linoleyl (L) and oleyl (O) signals. However, at the 1,3- position (172.68 ppm) there is 
good separation between the saturated (S), oleyl (O) and linoleyl (L) components and the 
overall content of saturated fatty acids can be measured from their intensities (Sacchi et 











S = Saturated fatty acid
F = Free fatty acid
1,3- or 2- = Position fatty acid
attached on glycerol 2-posi tion
172.7 172,6 ppa 172.5 172.4 172.3
Figure 4.6 - Comparison of unadulterated (A) and 5% soya adulterated (B) C 
NMR spectra in the carbonyl region of the spectrum of olive oil
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Using the internal standard peak as a reference, a ratio of peak heights was obtained. An 
example of this data, using the peak at 127.63 ppm, linoleic acid - carbon 12, attached at 
the a position, is shown in Table 4.5, full data set shown in Appendix B.
Table 4.5 - Example of °C NMR peak ratio data









































The spectra were manipulated using Grams 32 software to limit the size of the data file 
to be exported to the Unscrambler software. This excluded any unnecessary peaks or 
noise which would prolong statistical processing. Principal Component Analysis (PCA) 
was carried out to create models for the four separate adulterant oils and also for the pure 
Greek olive oils. The modelling power plots were evaluated to establish which peak 
variables the software had assigned to have the most significance for the particular 
model. The PCA tasks were repeated using only these variables and compared to the 
results obtained when peaks were picked manually on the basis of chemical importance 
(Table 4.6)
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Table 4.6 - Table comparing 13C NMR peaks chosen by chemical importance and 
those chosen by the software as being important to the models
























Figure 4.7 shows the Cooman's plot resulting from classification using the software 
assigned peaks. Figure 4.8 shows the plot resulting from manually assigned peaks, peaks 
that show enhancement arising from increased linoleic acid (as in Table 4.6). Although 
both classifications have a large degree of overlap and doubly classify many of the 
samples, the manually picked variable plot gave better separation and some of the 
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Figure 4.7 - Cooman's Plot showing classification of pure olive oils v 5% soya 
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Figure 4.8 - Cooman's Plot showing classification of pure olive oils v 5% soya 
adulterated olive oil (manually assigned)
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To overcome the nuclear Overhauser effect an inverse polarisation pulse sequence was 
employed. The first HMQC (Heteronuclear multiple quantum correlation) test ID 
spectrum measured, produced spectra where the areas of interest were overlapped and 
poorly resolved in the region 2-8 ppm. This would not yield the necessary data to allow 
multivariate analysis. HMQC 2D projection produced a 13C spectrum projection with 
very poor signal to noise and took 8 hours to run. The digital resolution was 0.6Hz 
compared to 0.2 Hz obtained in the original 13C measurements. It was therefore decided 
that it was not a viable option and ! H NMR would be used.
4.3.2 *H NMR
The test 'H NMR obtained gave clearly defined spectra, with a short acquisition time 
which would enable the method to be used to investigate statistically the differences in 
oil composition with regard to geographical origin, year of harvest and adulteration with 
sunflower oil.
4.3.2.1 Geographical Origin of the £ set
Figure 4.9 shows the results obtained using hierarchical cluster analysis in SPSS (SPSS 
9.0 for Windows) using selected peaks (Table 4.3) from the ! H NMR data. Cluster 
analysis (Section 3.1.3) was the first statistical investigation performed on the E set 
samples as this would give a good indication of the degree of separation possible using 
subsequent Principal Component Analysis.
The dendrogram resulting from hierarchical cluster analysis using Ward's method and 
squared Euclidean distance measurements (Figure 4.9) showed excellent clustering of the
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Crete (black) and Non-Crete (red) samples from the E set. This suggested that further 
analysis would provide well separated models that could be used to predict the 







Figure 4.9 - Dendrogram showing hierarchical cluster analysis of the £ set of Greek 
oils by geographical origin
72
El3 was the only sample from the Crete set which did not cluster well. A study of the 
oil's origin (Table 2.4) gave no indication of any obvious anomaly in the growing or 
harvesting conditions. This sample was consistently marked as an outlier in the 
regression plots used for adulteration prediction and was omitted from further 
investigations.
Figure 4.10 shows the Cooman's plot for the classification of Crete (red) and non-Crete 
(green) pure oils from the E set. It gave very good separation for the two models, which 
were obtained using PC A on selected peaks in the 1 U NMR spectra. The selected peaks 
(Table 4.3) gave better separation than models based on full spectral data. The blue 
samples were test vectors that were omitted from the original PCA models and in all 
cases were correctly classified as either Crete or non-Crete oils. The peaks selected all 
arose from protons in the fatty acid component of the olive oil. Previous work has used 
the minor volatile compounds to assess geographical origin (Sacco et al, 2000) deeming 
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Figure 4.10 - Cooman's plot showing geographical differentiation within the E set. 
Red = Crete oils, green = non-Crete oils, blue = test samples
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NMR Measurements were not taken for the non-Crete oils from the F set, therefore, 
geographical comparison of the F series could not be undertaken.
4.3.2.2 Harvest Differentiation
Principal Component Analysis was carried out on the E and F oils as a whole data set to 
ascertain whether separation was possible using all variables. The scores (Figure 4.11) 
and loadings (PCI) plots (Figure 4.12) detail which variables were paramount in 
differentiating between the E and F oils. The first principal component described the 
majority of the variance detected in the oils as shown by the close scores observed for 
the two groups of samples along PC 1. Samples with positive scores have higher than 
average values for variables with high positive loadings on the same PC. Therefore, 
variables that are positive in plot B (loadings on first PC) are the variables which 
describe the samples that have positive scores for PCI (E set). Variables with negative 
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Figure 4.12 - Loadings (PC 1) plot for PCA of E and F pure oils
This suggested that the following peaks (Table 4.7) described the model for the F set of 
oils and differentiated it from the E set model. Peaks reference Figures 4.3 and 4.4.
Table 4.7 - 1H NMR Peaks important to the F set as suggested by the loadings plot
(PCI) from PCA models using all variables







H10 (terminal linolenyl methyl)
H9 all acyl chains (CH2)n
H8 all acyl chains (C//2CH2COOH)
H7 unsaturated (C#2CH=CH)
H6 all acyl chains (C//2COOH)
HI unsaturated (C#=CH)
Figure 4.13 shows the Cooman's plot classification of Crete oils from two harvest years. 
The oils originating from the 1995/96 harvest (E set) are shown in red, those from the
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1996/97 harvest (F set) are shown in green and test samples (blue crosses) which were all 
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Figure 4.13 -Cooman's plot showing harvest differentiation in Crete oils. 
Red = 95/96, green = 96/97, blue = test samples
4.3.2.3 Adulteration Determination
Regression plots were obtained using PLSlfor all adulterated samples from the E and F 
sets. Using all oil samples for a single regression plot produced a plot with a RMSEP of 
2.09% sunflower adulteration. As it has been shown that the Crete and non-Crete oils 
vary sufficiently in their fatty acid profile to allow satisfactory separation of the two 
models (Figure 4.10), it was perceived that this could adversely affect the analysis, 
leading to the Crete and non-Crete oils being treated separately. Figure 4.15 shows the 
predicted v measured % sunflower adulteration plot for the E set of Crete oils over all 
variables, giving an RMSEP of 1.65% sunflower adulteration and offset of 0.511% using
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9 principal components, as suggested from Figure 4.14, the residual validation variance 
plot. Regression plots were also acquired for Crete and non-Crete samples using only 
the proton signals arising from the CFk between unsaturated carbons (2.6 ppm) and the 
CH on the C=C (5.2 ppm), H5 and HI respectively in Figures 4.3 and 4.4. The error of 
prediction observed using specific peak picking was greater than with the full spectral 
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Figure 4.15 - E set Crete PLS1 over all variables, predicted v measured sunflower
adulteration using 9 PCs
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A root mean squared error of prediction of 1.56% sunflower oil was calculated for the 
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Figure 4.17 - PLS1 predicted v measured % sunflower adulteration for E set, non- 
Crete oils
The data collected from the F set, Crete oils did not give good statistical results. The
initial principal components extracted little of the information deemed to be relevant and
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the majority of the samples were marked as outliers, therefore not producing a 
statistically robust model (Appendix C).
4.4 CONCLUSIONS
4.4.1 13C NMR
13C NMR has been reported to be a viable method of detecting adulteration of olive oil 
when the adulterant has a high linoleic/linolenic acid content (Sacchi et al, 1997; 
Vlahov, 1997; Zamora et al, 2001).
The 13C NMR method employed in this work had a long acquisition time to allow for the 
long I3C relaxation tunes. A long acquisition time limits the quantity of samples that can 
be tested and also increases the possibility of magnetic field drift which adversely affects 
the resolution of the carbonyl region. The peaks also overlap in the carbonyl region, 
which complicates interpretation.
The presence of nuclear Overhauser enhancement gives better signal to noise ratio but 
the spectra are not quantitative. To overcome this problem an inverse polarisation pulse 
sequence was investigated but needed an untenable acquisition time. It was therefore 
decided to be an impractical method.
4.4.2 'H NMR
Proton NMR has been shown to be a rapid, dependable method of analysing olive oils. 
The statistical analysis of the Greek oils was able to differentiate between oils originating 
from Crete and those from the rest of Greece. This suggests that the growing conditions
79
on the island of Crete vary sufficiently to those encountered in other Greek areas, to alter 
the composition of the fatty acid profile of the oil. The conditions (on Crete) also appear 
to fluctuate from harvest to harvest as the models produced for each harvest year were 
clearly distinguishable, and gave 100% classification when tested. Previous work with 
the sample sets (Lees et al, 1998) had characterised the fatty acid composition of some 
of the oils by GC (Appendix A). This limited information showed that the concentration 
of linoleic acid (18:2) tended to be lower in samples from the F set in comparison to 
analogous samples from the E set. The difference in rainfall during the ripening and 
harvesting stages has been cited as a possible contributor to the variance in linoleic acid 
content that allowed harvest differentiation. Mainland Greece had a higher rainfall 
during the 1996/97 (F) harvest period than for the previous harvest year (E) 1995/96. 
The majority of cultivars grew the same olive variety, Koroneiki, suggesting that 
climatic conditions were responsible for the variation in fatty acid composition. The 
influence of growing area and weather conditions on the fatty acid profile of the oils was 
investigated by a Greek study. They concluded that oils originating from low-altitude 
areas with a high temperature had a higher content of saturated acids and agreed with 
earlier reports that increased humidity produced oils with lower percentages of 18:1 
(oleic acid). Areas of high altitude and therefore a cooler climate produced oils with 
higher levels of 18:1 (Stefanoudaki et a/., 1999). Therefore, the increased rainfall could 
account for the increase in C 18:1 observed in oils in the F set and hence influenced the 
PC A models which attributed the majority of the harvest differentiation to peaks arising 
from the accompanying fluctuation hi C18:2.
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CHAPTER 5 
5 Infrared (IR) Spectroscopy - Fibre Optic Probe
5.1 THEORY AND TECHNIQUE
Infrared (IR) absorption spectroscopy is the measurement of the intensity and 
wavelength of the absorption of infrared light by a sample. Mid IR (4000 - 400 cm"1 ) is 
energetic enough to excite molecular vibrations to higher energy levels during which the 
dipole moment must change for a molecule to absorb IR radiation. The wavelengths of 
many IR absorption bands are characteristic of specific types of chemical bonds and can 
therefore be used to identify unknown samples. Mid IR spectroscopy has been widely 
used in research on fats and lipids (Lai et al., 1994; Lai et a!., 1995; Dupuy et al., 1996) 
but near-infrared (NIR) is becoming more extensively used both for adulteration 
determination and fatty acid characterisation (Sato, 1994; Wesley et al., 1995; Wesley et 
al., 1996; Hourant et al., 2000). Molecular absorption of energy in the near-infrared 
region (14000 - 4000 cm" 1 ) results from the excitation of overtones and combinations of 
the fundamental vibrational modes that give rise to mid-IR absorption (Cast, 1995). This 
type of absorption is only observed for bonds involving hydrogen and is generally a 
weak absorption. Therefore, NIR provides less detailed structural information than mid- 
IR and is of less value in qualitative work than in quantitative work (Colthup et al., 
1990).
Fourier Transform Infrared Spectroscopy (FTIR) was developed in the late 1960s and 
uses an interferometer, typically a Michelson interferometer (Figure 5.1), to encode 
frequency and intensity information in the signal. This eliminates the need for a prism or 
a grating to disperse the radiation emitted by the infrared source into its component
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wavelengths. Interferometry increases the speed of data collection, increases signal-to- 
noise ratio, increases the wavelength precision by the use of an internal reference laser 




















Figure 5.1 - Schematic of a Michelson Interferometer
The beam of light is divided into two equal components by a beamsplitter in an 
interferometer, one component travels to a fixed mirror and the other travels to a moving 
mirror. A laser beam tracks the moving mirror. The two beams recombine at the 
beamsplitter after being reflected back by the mirrors and produce a 
constructive/destructive interference pattern due to the varying differences in the 
distances travelled by each component. Half of the recombined IR beam is reflected to 
the sample where is it selectively absorbed by the sample. The other half of the beam is 
reflected back to the source. The detector response is measured continuously and the 
analogue signal is converted to a digital signal, thereby giving an interferogram, which is 
a plot of the spectral data in the time domain. A fast Fourier transform (FFT) algorithm 
converts it to the frequency domain and the resulting spectrum is a plot of the intensity 
reaching the detector against the frequency of the radiation. The transmittance spectrum
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is obtained by digitally ratioing this spectrum against the emittance spectrum of a blank 
sample (Cast, 1995).
Attenuated Total Reflectance (ATR) is often used for sampling oils using IR (Bertran et 
al, 1999; Li et al., 2000). ATR devices are based on the phenomenon of the total 
internal reflection of light. The measurement of the energy of the total internally 
reflected light as a function of frequency gives the absorption spectrum. The sample is 
placed in contact with an internal reflection element, which is generally a crystal of an IR 
transmitting material of high refractive index (Cast, 1995).
5.2 LITERATURE REVIEW
NIR has been used to classify a range of oils and fats following fatty acid quantification 
by high-performance gas chromatography (HPGC), to show that only a minimal number 
of selected bands need be statistically analysed, with stepwise linear discriminant 
analysis (SLDA) to classify a large data set (Hourant et al, 2000). NIR with statistical 
analysis using Principal Component Analysis (PCA) successfully classified different 
vegetable oils (Sato, 1994). They found that the oils separated along the second PC with 
oils with the highest degree of unsaturation to the right of the plot. As the degree of 
unsaturation decreased the plots moved to the left of the scatter plot. PCA and PLS were 
both used to measure the adulteration of virgin olive oils using refined olive oil, corn and 
sunflower oil (Wesley et al, 1995) and the same authors extended this work to 
successfully identify specific adulterants (Wesley et al, 1996).
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The use of Fourier transform infrared (FTIR) spectroscopy (mid-IR) has been 
investigated to discriminate between extra virgin and lower grades of olive oil (Lai et al, 
1994), resulting in the development of a successful discriminant model with a very short 
analysis time (2-3 minutes). The same authors expanded this work by investigating the 
potential of quantitative analysis using FTIR spectroscopy combined with attenuated 
total reflectance (ATR) and multivariate analysis (PLS) to determine levels of walnut 
and refined olive oil adulteration (Lai et al, 1995). Their results showed that the 
technique has potential, the lowest standard error of prediction (SEP) being for the 
addition of walnut oil to extra virgin oil (0.68 g / 100 g). The adulteration of extra virgin 
olive oil with refined olive oil gave a SEP of 0.92 g /100 g.
A new procedure was proposed for determining free fatty acids (FFA) in olive oil using 
FTIR-ATR spectroscopy and PLS regression statistical evaluation (Bertran et al, 1999). 
They sampled olive oils of different ages, from different geographical origins and 
different grades of commercially available olive oils. They concentrated on two 
wavenumber ranges (1775 - 1689 and 1480 - 1050 cm" ) and employed extensive 
pretreatment methods before statistical assessment. PC A of FTIR spectra of fats and oils 
Including sunflower seed oil, olive oils and peanut oils have been studied for 
classification using two spectral ranges, 3060 - 2750 cm" 1 and 1500 - 1000 cm" 1 to reduce 
the number of data points (Dupuy et al, 1996). The concentration of polyunsaturated 
fatty acid ester allowed characterisation of the sunflower oil compared with the olive or 
peanut, whereas separating olive and peanut samples proved difficult and inconclusive. 
A comparison of mid-IR and Raman techniques to classify and detect adulteration in 
edible oils (Marigheto et al, 1998) led the authors to conclude that IR was a more 
reliable method than Raman for both purposes. Detection limits of 5% adulterant were
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achieved with IR even when the adulterant was refined olive oil. Raman spectral quality, 
in terms of signal to noise, is significantly less than for IR. They also found that linear 
discriminant analysis (LDA) based on PLS data gave better classification results than 
artificial neural networks (Marigheto et al., 1998). CO2 laser Infrared Optothermal 
Spectroscopy determined the limit of detection for adulteration with sunflower and 
safflower oils to be 5% w/w (Favier et al, 1998) and the possibility of lowering the 
detection limit was discussed by using a more stable, discretely tunable CC>2 laser.
The advantages of FTIR over dispersive IR was discussed and techniques highlighted to 
show the usefulness of FTIR (Guillen et al., 1997). They reviewed procedures that could 
be used to:
* Determine the degree of unsaturation from the absorbance of the -C-C- 
stretching band at 1658 cm" 1 or the olefinic band at 3007 cm" 1 . The ratio 
of absorbances of olefinic and aliphatic -C-H stretching vibration bands 
could also be used.
* Determine the trans- unsaturation content and the free fatty acid content.
* Determine the saponification number and solid fat index by combining 
FTIR with PLS regression statistics.
* Determine peroxide and anisiding values, both of which refer to the 
concentration of primary or secondary oxidation products of oils.
They concluded that FTIR was an extremely valuable quantitative technique that was 
efficient, low-cost and simple to use.
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5.3 FIBRE OPTIC PROBE
The fibre optic probe used for this work was developed at the Institute for 
Spectrochemistry and Applied Spectroscopy (ISAS), Dortmund, Germany and utilises a 
diamond at the tip to act as a prism. The parallel beam from the infra-red spectrometer is 
focussed by an off-axis parabolic mirror onto the illuminating fibre. A lens at the end of 
this fibre focuses the light, to allow two internal reflections hi the sensor head, the 
diamond, which is immersed into the sample to be measured. Following detection the 
detecting fibre takes the beam to the detector. The detector was a liquid nitrogen cooled 
semiconductive mercury-cadmium-telluride (MCT) detector. In front of the detector 
element is a lens, which focuses the light onto a 1 x 1 mm detector. The signal is 
amplified by a pre-amplifier, which is matched to the detector to ensure low noise. The 
resulting inter fero gram is Fourier transformed to give the IR spectrum. Figure 5.2 shows 
a schematic diagram of the probe interfaced to a spectrometer, Figure 5.3 shows a 
photograph of the probe and Figure 5.4 shows the detector.







Fibreprobe with diamond 
Sensor
4 mm
Figure 5.2 - Schematic of the I/R Fibre Probe for ATR Spectroscopy
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Figure 5.3 - Photograph of the diamond tipped probe
Figure 5.4 - Photograph of the MCT detector interfaced to an IR spectrometer
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5.4 METHOD
5.4.1 Greek olive oil sampling with the diamond probe
Measurements were obtained for all 88 samples in the D set (all adulterated), 117 
samples in the E set (all pure and Crete oils adulterated). The 109 samples in the F set 
(Crete oils adulterated and all pure oils) had previously been measured by ISAS and the 
data made available for statistical comparison. 128 scans were performed for each 
measurement with a resolution of 4 wavenumbers. Background measurements were 
recorded every 8 samples to compensate for any possible drift, e.g. change in 
temperature of the source. The diamond tip and lower casing of the probe, which came 
into contact with the sample, were cleaned following every measurement using ethanol 
and dried in nitrogen gas. The spectra were stored as galactic (.spc) files.
5.4.2 Statistical Analysis
The files were imported into the Unscrambler 7.5 (Camo ASA, 1998) multivariate 
analysis program. PC A (Principal Component Analysis) and PLS1 (Partial least squares) 
regression plots were obtained for the D, E and F sets. Classification plots (Cooman's 
plots) were constructed using the PCA models to investigate whether the data could 
differentiate between geographical origin and/or year of harvest. Plots using only 
specific wavelength selections of 893 - 1260 cm' 1 (HC=CH), 1610 - 1776 cm' 1 
(carbonyl), 2730 - 3060 cm" 1 (CH) allowed the data to be analysed statistically without 
unnecessary peaks and noise prolonging and complicating the calculation. These 
selected wavelengths were chosen on the basis of their chemical importance and were 
used throughout the statistical analysis of the IR data. The wavelength selection 
corresponds to the areas in the spectrum which would be affected by an increase in
linolenic acid if an adulterant oil higher in these fatty acids, such as sunflower oil, was 
added to olive oil.
5.5 RESULTS AND DISCUSSION
The diamond probe provided very reproducible results. Figure 5.5 shows the overlaid 
spectra of the entire F series of pure oils (64 samples) over the three bands of selected 
wavelengths to demonstrate the reproducibility. The spectra in Figure 5.5 were plotted 
without any preprocessing of the data, such as normalisation or baseline correction. 
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Figure 5.5 - AH F series spectra plotted without normalisation or baseline 
correction.
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Figure 5.6 shows the area around 912 cm" 1 , and how it differs for sunflower oil and the 
pure E set Crete oils. The spectrum for sunflower oil is shown as a brown line and the 
mass of different colour lines represent the spectra of the eighteen pure oils. As seen on 
the spectrum there is some natural variation in the unadulterated oils which may be due 
to slight geographical variance, growing and harvesting conditions. The pink line (above 
the rest of the pure oils) represents the spectrum of E5. This oil was marked as an outlier 
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Figure 5.6 - E set Crete unadulterated oils and sunflower oil (brown) at 912 cm"1
Figure 5.7 shows the effects of sunflower adulteration on the area of the IR spectrum 
around 912 cm" 1 . An increase in sunflower oil increased the intensity of the peak due to 
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Figure 5.7 - Effects of sunflower adulteration at 912 cm" 1 . Red = pure olive oil, 
green = 1% sunflower, blue = 5% sunflower and grey = 10% sunflower
5.5.1 D Set
5.5.1.1 Adulteration
The D set of oils used in this investigation were oil samples that had previously been 
adulterated with approximately 0, 2, 5 and 10% sunflower oil. Because the exact 
percentages of adulteration were unavailable, PLS1 regression plots were obtained using 
the approximated weights. When measuring the D set, one sample (Dl 2% sunflower 
oil) appeared from the spectra to have been contaminated with water. This was excluded 
from the data set for statistical analysis. Figure 5.8 shows the predicted v measured 
percentage sunflower adulteration plot for the D series, which gave a RMSEP of 2.151% 
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Figure 5.8 - PLS 1 regression plot, predicted v measured % sunflower adulteration 
plot for the entire D set of oils adulterated with 0, 2, 5 and 10% sunflower oil
5.5.1.2 Geographical Differentiation
The Crete set of oils in the D series was a much smaller sample set (D1-D6) than from 
the subsequent harvest years. Figure 5.9 shows the Cooman's plot resulting from the 
attempted classification of the samples by geographical area (Crete or non-Crete). Most 
of the oils are doubly classified although a few non-Crete oils (green, D7-D22) showed a 
degree of separation from the opposing Crete model. The models were constructed 
without two samples which were used as test vectors. D3 (a Crete oil) and D12 (a non- 
Crete oil) were omitted from the PCA models and treated as unknown oils. They were 
both doubly classified (as were most of the oils) and both samples (blue) were grouped 
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Figure 5.9 - Cooman's Plot to show geographical classification between the Crete 
oils (red) and non-Crete oils (green) of the D set
5.5.2 E Set
5.5.2.1 Adulteration
The Crete samples (18 oils) had previously been adulterated with 0, 1, 5 and 10% 
sunflower oil. Exact adulteration percentages are shown in Appendix D. Only the pure 
non-Crete samples (47 oils) were analysed. Figure 5.10 shows the PLS1 regression plot 
overview for the Crete oils from the E set using the three ranges of previously selected 
wavelengths (893 - 1260 cm' 1 , 1610 - 1776 cm' 1 and 2730 - 3060 cm' 1 ). The E5 
samples were omitted from the calculation as they were marked as outliers. The plot 
shows the predicted versus measured % adulteration plot (bottom right), which gave an 
excellent RMSEP of 0.795% and offset of 0.147%, using 11 principal components (PCs) 
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Figure 5.10-PLS1 regression overview plot for E set Crete oils (El -E18) 
omitting an outlier (E5) over three bands of selected wavelengths
The scores plot (top left) shows that the samples group along the first PC with the pure 
oils (red) and the 1% sunflower adulterated oils (green) undifferentiated. The 5% 
sunflower samples (blue) and the 10% sunflower samples (brown) are separated along 
the first PC. The first PC, therefore, distinguished between the higher percentage 
adulterated oils (5 and 10%) and the oils with very low (1%) or no adulteration. The 
regression coefficients plot (top right) shows the cumulative importance of the variables 
and using this plot, the fifteen most important cumulative variables (peaks with the 
highest maxima and lowest minima) were extracted and the PLS1 regression repeated 
using only these variables. The variables chosen from the regression coefficient plot 
were; 912 cnV 1 , 985 cm' 1 , 1099 cm' 1 , 1130 cm' 1 , 1168 cm' 1 , 1196 cm' 1 , 1776 cm' 1 , 2815 
cm' 1 , 2863 cm' 1 , 2890 cm' 1 , 2908 cm' 1 , 2953 cm' 1 , 2967 cm' 1 , 2984 cm' 1 and 3031 cm' 1 .
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The regression overview is shown in Figure 5.11. Using 9 PCs the RMSEP of 
percentage adulteration between the predicted and the measured samples was 0.912% 
with an offset of 0.235%. Although both of these values are higher than in the original 
regression plot, the plots show that comparable results can be obtained using a greatly 
reduced number of variables. The oils group along the first PC according to percentage 
sunflower adulteration (pure - red, 1% - green, 5% - blue and 10% - brown) with a good 
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Figure 5.11 - PLS1 regression overview plot for E set Crete oils( El - E18) omitting 
an outlier (E5) using 15 wavelengths
The results were also statistically analysed using Principal Component Analysis (PCA), 
to determine whether satisfactory classification would allow the prediction of unknown 
samples. Figure 5.12 shows an example of good classification between unadulterated 
olive oil and olive oil adulterated with 10% sunflower oil. The Cooman's plot separated 
the unadulterated and adulterated oils by plotting the distance of the samples to the
model set produced by PCA, using only the wavelength range around 912 cm" 1 to
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highlight how a specific area of the spectrum could be used, thereby reducing the number 
of necessary variables. The unadulterated oils (green) were sufficiently removed from 
the model produced for 10% adulteration to give good classification, shown by their 
position on the x-axis. The adulterated oils (red) were also well classified as they are 
well removed from the model produced for unadulterated oils. From the four test 
samples (blue), two were correctly classified as being 10% sunflower adulterated oils, 
one was correctly classified as a pure oil but the second pure oil (El) was incorrectly 
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Figure 5.12 - Cooman's Plot showing good classification of E set Crete pure oils 
(green) and 10% sunflower adulterated oils (red) with test samples (blue).
The classification plots became less well separated as the percentage adulteration 
decreased, with considerable overlap between the models at 1% adulteration (Figure 
5.13). The Cooman's plot showed the majority of samples in the bottom left of the plot 
denoting that the unadulterated oils (green) were too close to the 1% sunflower model to 
be discriminated from the adulterated oil (red) which were too close to the pure oil
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model. They therefore overlapped and did not afford a satisfactory classification. Five 
test vectors were employed to test the PC A models, two pure oils, two 1% sunflower 
adulterated oil and an 10% sunflower adulterated oil. The models did correctly classify 
the 10% adulterated sample (blue El60) as belonging to neither the pure nor the 1% 
sunflower adulterated models and one of the pure oils (blue El5) was also assigned to 
the correct class. Two of the other test samples (blue, pure E01 and 1% adulterated 
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Figure 5.13 - Cooman's Plot showing classification of E set Crete pure oils (green) 
and 1% sunflower adulterated oils (red) with five test samples (blue)
5.5.2.2 Geographical Discrimination
PCA models were produced for the Crete oils, with the exception of the outlier E5 and 
the non-Crete oils, with the exception of the outlier E29. The classification plot to 
discriminate between the two models was calculated using the software suggested 8 PCs 
for the Crete model and 4 PCs for the non-Crete model. The E set showed clustering of
the two representative groups (Figure 5.14) but the separation between the two models
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was insufficient to predict the origin of a sample with certainty. Most of the oils were 
doubly classified but a few of the non-Crete oils (green) were of sufficient distance from 
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Figure 5.14 - Cooman's plot to separate Crete (red) and non-Crete (green) oils in 
the E set, using selected wavelengths with three test vectors (blue)
5.5.3 F Set
5.5.3.1 Adulteration
The Crete samples (22 oils) in the F series had previously been adulterated with 0, 1 and 
5% sunflower oil. Exact weighings are shown in Appendix D. Only the pure non-Crete 
samples (43 oils) were analysed. PLS1 regression was applied to the entire F set and 
Figure 5.15 shows the predicted against measured percentage sunflower adulteration plot 
for the F series (F1-F65), using 9 PCs as suggested by the residual validation variance 
plot and giving a RMSEP of 1.411% and an offset of 0.549%. The three selected ranges 
of wavelengths used were 893 - 1260 cm' 1 , 1610 - 1776 cm' 1 and 2730 - 3060 cm' 1 .
98
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Figure 5.15 - F set PLS1 regression using three ranges of selected wavelengths, 
predicted v measured % sunflower adulteration using 9 PCs
Figure 5.16 gives the classification plot showing the separation between the models 
produced using PCA for Crete pure and 5% sunflower adulterated oils. The separation is 
defined although the samples were doubly classified. Four unknown samples (blue) 
were correctly grouped with the pure or 5% adulterated oils. A 1% sunflower 
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Figure 5.16 - Cooman's plot to show Crete F set pure oils against 5% adulteration
Figure 5.17 demonstrates that the separation became slightly less well defined when the 
adulteration was decreased to 1% sunflower oil. The unknown samples (blue) were 
generally correctly classified as pure or adulterated oils, although a 5% sunflower 
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Figure 5.17 - Cooman's plot to distinguish between pure Crete F set oils v 1% 
sunflower oil adulterated oils
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5.5.3.2 Geographical Differentiation
Attempts to classify the F set by region of origin produced similar results to the E set. 
As seen in Figure 5.18 all of the oils were doubly classified with some evidence of 
rudimentary clustering of the Crete (red) and non-Crete (green) oils. The PCA models 
using selected wavelengths (893 - 1260 cm" 1 , 1610 - 1776 cm" 1 and 2730 - 3060 cm" 1 ) 
were constructed without six samples which were treated as unknown test vectors. Three 
of the unknown test samples (blue) originated from Crete (F7, Fll and F17) and three 
from other areas of Greece (F32, F41 and F61). They all grouped correctly with their 
respective classes of oils although all the samples appeared in the region of double 
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Figure 5.18 - Cooman's plot to show F set geographical differentiation, Crete (red) 
v non-Crete (green) with test vectors (blue)
5.5.4 Harvest Differentiation
Figure 5.19 shows a Cooman's plot classifying an oil from the F set (blue) onto models
obtained from the PCA analysis of non-Crete oils from the D (red) and E sets (green). It
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correctly assigns the F set oil as belonging to neither the D nor E models, although the 
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Figure 5.19 - Cooman's plot to show separation between harvest years 1994/95 
(red) and 1995/96 (green) with a test sample (blue) from 1996/97
5.6 CONCLUSIONS
This investigation has demonstrated the efficacy of IR as a technique, especially for the 
rapid detection and classification of adulteration of olive oils with sunflower oil. 
Regression investigations using three selected wavelength bands (893 - 1260 cm" 1 , 1610 
- 1776 cm" 1 and 2730 - 3060 cm" 1 ), with the E series of adulterated oils from Crete gave 
the closest correlation between the observed and the predicted adulteration data, with a 
RMSEP of 0.795% sunflower oil and an offset of 0.147% using 11 PCs. Reducing the 
variables to fifteen, chosen by studying the regression coefficients, produced a predicted 
against measured sunflower adulteration percentage with a good correlation. It gave an 
RMSEP of 0.912% with an offset of 0.235% using 9 PCs. This would suggest that
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comparable results could be obtained using a greatly reduced number of variables, 
thereby considerably shortening the time required for statistical analysis.
The PCA models of pure oils and 1% adulterated oils for the F Crete samples gave a 
more reliable separation than the D or E series. The D set of oils was of limited sample 
size, which could affect the statistical analysis, making the models produced less 
trustworthy. Although some clustering was observed for the Crete and non-Crete 
samples the separation was not sufficient to allow confident prediction of unknown 
samples. The differentiation between harvests did not singly classify the samples, 
however the models were well enough defined to distinguish a sample from neither 
model and classify it accordingly.
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CHAPTER 6 
6 Supercritical Fluid Extraction (SFE)
6.1 THEORY AND TECHNIQUE
Many conventional extraction techniques use solvents which are potentially harmful and 
difficult to dispose of environmentally. The procedures are often complex and time 
consuming. An alternative extraction technique utilises supercritical fluids as solvents. 
Supercritical fluids (SCFs) are so named because they exist at temperatures and 
pressures beyond the critical point of that compound. The critical point is the 
temperature and pressure at which the gas and liquid phases become identical. The first 
reported observation of this phenomena was in 1822 when Baron Cagniard de la Tour 
noted that the gas-liquid boundary disappeared in certain materials when heated in closed 
glass containers (Taylor, 1996). In the 1950s a process using propane as a solvent was 
developed to purify and separate the polyunsaturated triglycerides in vegetable and fish 
oils. The most common commercial use for supercritical fluid extraction has been the 
decaffeination of coffee with supercritical CC^. Figure 6.1 shows the phase diagram for 
carbon dioxide, which is the most commonly used SCF because of its low critical 
temperature, low cost and low-toxicity. The fluid is neither a liquid or a gas and has 
properties intermediate to both phases. Supercritical fluids have the solvating power of 
liquids and the transport properties common to gases.
6.1.1 Properties of Supercritical Fluids
The solvating power of SCFs is dependent on pressure and temperature. At high 
pressure the solvent power of CC>2 increases with rising temperature but at low pressure 
the opposite occurs and it decreases with rising temperature. This is because with an
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increase in temperature at low pressure the density decreases, whereas changes in 
temperature at high pressures have less of an effect on density. Therefore, density is 
proportional to the solvating power, the dissolving power of a SCF increases with an 
isothermal increase in density or an isopycnic (constant density) increase in temperature. 
When temperatures are reached just above the critical temperature (Tc) of a substance, 
slight increases in pressure will produce liquid-like densities. Further above the critical 
temperature much larger increases in pressure are required to produce the same effect. 
The region above TR = 1.0 and .PR = 1.0 is the operational supercritical region, where TR 
is the reduced temperature (ractuai / ^c) and PR is the reduced pressure (Pactuai / ^c)- 
Between TR = 0.95 and 1.0, the region is called the subcritical region (Figure 6.1) 
(Taylor, 1996).








I Carbon dioxide 




Figure 6.1 - Phase diagram for carbon dioxide and water
Table 6.1 shows a comparison of typical average values for density, viscosity and 
diffusivity of gases, liquids and supercritical fluids.
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Table 6.1 - Comparison of properties
Property G SCF Liquid
Density (kg m'3) 1 100-800 1000
Viscosity (cP) 0.01 0.05-0.1 0.5-1.0
Diffusivity (mmV 1 ) 1-10 0.01-0.1 0.001
Diffusivity and viscosity also depend on temperature and pressure. As pressure is 
increased these properties approach those of a liquid. Increases in temperature lead to a 
decrease in the viscosity of SCFs but an increase of diffusivity .
As previously discussed CC>2 is the most commonly used SCF but it has limited solvating 
power for polar analytes. To overcome this problem, polar compounds (modifiers) can 
be added to the solvating fluid. These enhance the characteristics of supercritical CO2 . 
The addition of a polar solvent (e.g. methanol) alters the Tc and Pc . The Tc of a solvent 
mixture lies between the values for the two separate solvents and the Pc is at a maximum 
at an intermediate composition between the pure modifier or pure CO2 . The arithmetic 
mean of the critical temperatures and pressures of the two components can be used to 
approximate the critical constants of the mixture:
PC -
where XCO2 andX(m) are the mole fractions of CO2 and modifier respectively.
Adding modifier enhances the solvating power but can adversely affect the mass transfer 
if the modifier reacts with the solute, e.g. by forming hydrogen bonds (Taylor, 1996).
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6.1.2 Extraction
Supercritical fluid extraction has two stages, static extraction and dynamic extraction. 
The sample is placed in an extraction cell, in a heated and pressurised chamber. The 
SCF is introduced and the sample is immersed in the fluid for a predetermined time 
(static extraction) with a shut off valve to the restrictor closed. The SCF then flows 
through the sample at a given flow rate, for a given time (dynamic extraction), the valve 
opened to allow the analytes to be collected through the restrictor port onto a trapping 
system (Figure 6.2).
—& Extraction cell





source Shut off valve
Figure 6.2 - Block diagram showing basic off-line SFE instrumentation
Figure 6.2 shows the basic instrumentation requirements for off-line SFE. The pump 
supplies extraction media to the sample matrix, which is contained in a heated ceil. The 
analytes are partitioned from the matrix and are subsequently trapped using a suitable 
collection device after depressurisation via a restrictor. The restrictor provides a back­ 
pressure within the system. Both flow rate and pressure (density) of the extraction fluid 
can be controlled by variation of the pump output or back-pressure or a combination of 
the two. The initial step of extraction requires that the analytes be partitioned from the 
sample matrix, which allows them to be swept from the matrix, out of the extraction cell.
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The size and shape of extraction cells have been investigated and no appreciable 
difference between 'long and thin' or 'short and fat' cells was noted (Hawthorne, 1993).
6.1.3 Trapping/Restrictor Types
Various analyte trapping procedures have been used with SFE:
* Into a solvent filled vial (liquid filled trapping)
* Onto an active solid sorbent
* Onto an inert solid support
* Into an empty bottle
hi all cases, trapping occurs after decompression of the extract. The expansion of CO2 
out of the restrictor lowers the fluid density and therefore the solvating power with 
subsequent precipitation of the extracted analytes. Traps may be cryogenically cooled to 
maximise recoveries or the more volatile analytes. Inert solid supports include glass 
beads, stainless steel plates and spheres. Minimal amounts of solvents that have a high 
solvating power for the trapped analytes are then essential to strip the analytes from the 
solid support. Liquid solvent trapping is a popular trapping technique where the extract 
is decompressed into a container of solvent. To ensure efficient trapping the restrictor 
should be immersed in the solvent and cooling the solvent increases the efficiency of 
volatile analyte collection. Active sorbent trapping typically involves a chromatographic 
stationary phase such as octylsilica and octadecylsilica (ODS). In order to trap 
compounds of varying polarity, modifications to the 100% silica is necessary (Taylor, 
1996).
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6.2 GAS CHROMATOGRAPHY-MASS SPECTROMETRY (GC-
MS)
Gas Chromatography (GC) coupled to Mass Spectrometry (MS) was used to separate 
and identify the compounds extracted from the oil samples. The sample to be analysed is 
introduced via the sample inlet into the GC, where it encounters a continuous flow of 
carrier gas. This gas transports the vaporised sample to a thermostatted column, which 
performs the separation. The separated components in the sample are then detected and 
recorded. The mobile carrier gas should be one that is non-interactive with the sample 
and does not influence selectivity, such as helium. The sample is introduced to the GC 
by a microsyringe, through a septum which seals the inlet system as the syringe is 
withdrawn. The injection port is heated to a slightly higher temperature than the column 
to facilitate vaporisation. The column determines the selectivity and efficiency of the 
separation. The internal diameter, column length and stationary phase thickness vary 
from column to column, providing columns suitable for a variety of conditions and 
requirements. These are three of the parameters that determine the degree of separation 
and analysis time for a separation. The other three, column temperature, carrier gas and 
carrier gas velocity, can be altered with each analysis.
The liquid stationary phase needs to exhibit certain properties; a low vapour pressure, 
thermal and chemical stability, low viscosity, non-reactivity towards sample components 
and a wide operating-temperature range. It must also show reasonable solvent properties 
for the solutes to ensure symmetrical peaks. The column temperature is controlled by a 
thermostatted oven. A separation can either be achieved by using a constant column 
temperature, isothermal analysis, or by initiating a temperature programme where there
are different rates of temperature rise with pauses at intermediate fixed temperatures for
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a pre-determined time. With temperature programming the components elute according 
to their boiling points, making it a suitable operation for samples that contain a large 
number of compounds that have a wide range of volatility.
There are many different detectors used with GC which fall broadly into two categories, 
selective detectors which are useful for complex mixtures, and universal detectors that do 
not exhibit selectivity. A good detector is required to possess several criteria, sensitivity, 
good signal-to-noise, good detection limit and a good response time. The GC can be 
coupled to a mass spectrometer (MS), which acts as a detector. GC/MS represents one 
of the more powerful analytical techniques available. In GC/MS the mass spectrometer 
acts as a selective detector for the GC and the interface between the two instruments acts 
as the inlet system for the MS.
When the sample has been introduced into the mass spectrometer, ionisation of the 
sample occurs in the ion source, either by chemical ionisation or electron impact (El), hi 
El the electrons are produced from a heated filament, and accelerated through a voltage, 
V. V is variable between 5 and 100 V, but maximum ion yield occurs at 70 V and 
therefore, standard mass spectra are obtained at this voltage. Because of this universally 
used voltage, data libraries can be compiled enabling computerised library searches of 
unknown compounds.
When an electron collides with a sample molecule, M, the energy causes an electron to 
be ejected from M leaving a positively charged ion (M1"): 
M + e" -> M +' + 2e~
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An applied electrostatic potential attracts the positive ions which are accelerated through 
a slit in a negative plate into a magnetic field. Generally, only positively charged ions 
are accelerated into the analyser for separation. Ions are separated according to their 
mass-to-charge ratio (m/z), the lighter the ion and the greater its charge, the greater the 
deflection.
Mass spectra show a peak that corresponds to the parent ion of the particular molecule 
(M*), at a m/z value of the sum of the relative atomic masses. A small peak one mass 
unit greater than the parent ion (M + 1) is also expected due to the presence of an isotope 
of one of the constituent atoms. For example, ethanol gives a peak corresponding to the 
parent ion at m/z 46, with the small M + 1 peak at m/z 47. As a result of the high energy 
of the bombarding electrons some of the ethanol ions fragment to give smaller positive 
ions. Figure 6.3 shows the possible fragmentation pattern of ethanol. The relative 
intensities of the peaks depend upon the stability of the ion from which it arises. The 
loss of a 'CHs group (mass 15) by simple cleavage of a single bond results in a large base 
peak (highest peak to which all other peak height ratios are expressed) at m/z 31. Only 












Figure 6.3 - Fragmentation pattern of ethanol
There are several forms of mass analyser, magnetic sector analyser, quadrupole mass 
filters, quadrupole ion traps, time of flight analysers and ion cyclotron resonance 
instruments. The one used was a quadrupole mass filter analyser. A quadrupole mass 
filter consists of four parallel rods of hyperbolic or circular cross-section symmetrical to 
the z axis. A direct current (dc) and a superimposed radio-frequency (r/) is applied 
between each pair of opposite and electrically connected rods. Ions are injected into the 
filter with a very small accelerating voltage, 10 - 20V, and are made to oscillate in the x 
and y directions by the electric field. The separation of ions according to mass is 
achieved by varying the voltages with the rfldc voltage ratio remaining constant. At any 
point in the scan only one mass can pass through the system, for other masses the 
oscillations become unstable and the ions are lost on the rod assembly. The resolution 
required is selected by adjusting the dc voltage. The dc voltage can be switched off and 
all ions will then perform stable oscillations for a sufficiently small //voltage. This
enables the quadrupole to be used in more sophisticated instruments, such as the triple
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quadrupole or hybrid instruments. The control of the rod voltages can be effected more 
accurately than the control of the magnetic field in a magnetic sector, in particular the 
rod voltages can be switched very rapidly from one value to another to focus a few 
selected ions for sensitive quantitative mass spectrometry. Therefore, the quadrupole is 
automated more easily than a magnetic sector instrument, is smaller, cheaper and easier 
to run. The ions are detected by either an electron multiplier or a continuous channel 
multiplier and the resulting signal converted to a digital form compatible with a 
computer system which produces the mass spectrum. A mass spectrum is a line 
spectrum that shows the molecular ion, in electron impact, and signals that correspond to 
the individual fragments comprising the sample. The spectrum obtained is analysed by 
computer and the results can be library searched to achieve structure elucidation .
6.3 LITERATURE REVIEW
The versatility of SFE has been demonstrated by numerous research projects. These 
include the extraction of amphetamines from hair samples (Alien et al., 2000), sunscreen 
agents from cosmetics (Scalia, 2000) and it compares favourably with traditional 
extraction methods to extract the active compounds from camomile flowers (Scalia et al. , 
1999). Previous work within the olive oil field has shown the use of SFE to extract olive 
husk oil evaluated by mathematical models (Esquivel et al, 1999) and the extraction of 
the volatile components of virgin olive oil followed by head-space analysis (Morales et 
al, 1998). SFE was included in a range of methods used to evaluate the authenticity of 
olive and hazehiut oils (Blanch et al, 1998). They concluded that, under the conditions 
they employed, SFE was not a sufficiently selective method of analysis, compared to the 
selectivity and sensitivity of Steam Distillation-Solvent Extraction (SDE) using 
dichloromethane. Supercritical carbon dioxide (SC-CO2) has also been used to de-
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acidify olive oils, without modifying their triglyceride composition, making them more 
appropriate for human consumption. Disputed solubility data led to further studies to 
verify the applicability of SC-CO2 to oil deacidification (Goncalves et al., 1991; Simoes 
et al., 1996). SFE was used with LC-MS, to extract the compounds reported to have 
antioxidant activities from rosemary leaves (Senorans et al., 2000). Another group also 
interested in antioxidant extraction, used SFE to extract tocopherols from olive pomace, 
thereby making use of a by-product of olive oil production (Ibanez et al., 2000). A 
study by Maheshwari determined the solubility of various fatty acids in supercritical 
carbon dioxide (Maheshwari et al., 1992).
6.4 METHOD DEVELOPMENT
In this work, the viability of using Supercritical Fluid Extraction (SFE) to extract the 
semi-volatile fraction of a variety of oils would be explored. The aim was to develop a 
technique to extract the semi-volatile components from a variety of vegetable oils. The 
development of a solid phase trapping system that could be coupled to a supercritical 
fluid extraction system was the first objective. The optimisation of extraction conditions 
could then be addressed to ensure maximum performance. A method to separate, detect 
and identify the semi-volatile compounds extracted by the SFE would be developed and 
once the oils had been characterised by their semi-volatile composition, the possibility of 
detecting low level adulteration would be explored. A number of previous studies have 
used high-performance liquid chromatography (HPLC) either to identify olive oil 
adulteration by studying the linoleic acid content (El-Hamdy et al, 1995) or to identify 
geographical origins (Salter et al, 1997). The use of GC-MS to identify adulteration 
from the semi-volatile fraction had not previously been explored.
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6.4.1 Solid Phase Trapping System
Tenax TA™ is a polymer manufactured from diphenyl-p-phenylene oxide (DPPO). It is 
relatively inert, semi-crystalline, macroporous (>50 nm in diameter) and available in 
various granular mesh sizes. It can be conditioned to have a very low background, which 
together with its high temperature stability makes it useful for semi-volatile recovery. In 
a macroporous system, such as Tenax TA™, the pores are filled by a monolayer 
followed by multilayer adsorption. The adsorbed molecules are in a condensed phase, 
which more closely resembles a liquid than a vapour. Tenax TA™ has been compared 
with other sorbent trapping systems and contrasted with other sampling procedures 
(Faldt et al, 2000; Harper, 2000) to determine extraction suitability for volatile organic 
compounds from biologically active compounds and air respectively.
For this work a solid phase trapping system using Tenax TA™ was developed onto 
which the compounds of interest would adsorb. Tenax TA™ filled glass tubes (0.25" x 
7") were obtained (Supelco UK, Poole, England) and attached to the restrictor port via 
silicone rubber tubing. A plug was inserted into the top of the glass tube to prevent the 
Tenax being pushed out by the pressure of the CO2.
6.4.2 Sample Preparation
Silica gel Davisil™ (60-100 mesh) was activated by heating, in an oven, at 160° C for 20 
hours. The oil to be analysed was loaded onto 20g activated silica (12.5% w/w), in a 
round bottomed flask and manually agitated for 30 minutes to ensure uniform coating. 
3.30g of loaded silica were placed in an SFE extraction cell. A selection of Greek olive 
oils, obtained directly from Greece, was examined using this method. The other oils
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under investigation, sunflower, sweet almond, toasted sesame and extra virgin olive oil 
were all bought from a high street retailer (Tesco).
6.4.3 Sample extraction
SFE was applied to the loaded silica, using an ISCO SFX™ 220 SFE system, using CO2 
as the extraction medium. The extraction conditions were varied (Table 6.2) to optimise 
extraction conditions, using parameters:
Density (g/ml) 0.75
Pressure (psi) 5000
Flow rate (ml/min) 2
Restrictor (°C) 85
Dynamic Extraction (min) 20































Using a static extraction time of 20 minutes and an oven temperature of 90°C, an 
optimum dynamic extraction time was shown to be 20 minutes. Using an internal 
standard (phenanthrene, 1cm3 , 10 ppm) to calculate relative quantities, extraction 
conditions were optimised to provide maximum recovery of the target analytes.
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The extract was trapped in a Tenax™ TA tube that had been attached to the restrictor 
outlet. The Tenax tube was subsequently detached and solvent stripped using high purity 
HPLC grade hexane (3 ml). The tenax was then washed with a polar solvent, 
dichloromethane (DCM), to ensure no polar compounds were being left behind. An 
internal standard (1cm ) was added to the extraction and the sample was concentrated by 
evaporation using nitrogen.
The sample was introduced onto a Hewlett Packard 5890 GC system with a CP-SIL 8CB 
Low bleed column (30 m x 0.32 mm ID). The GC temperature program is shown in 
Table 6.3. A Hewlett Packard 5971A Mass Selective Detector was coupled to the GC 
and the sample was analysed using electron impact mass spectrometry. Hewlett-Packard 
Chemstation was the software used. Standards were obtained (Sigma-Aldrich, Poole) to 
confirm retention times and identification of compounds. Each standard (10 ppm) was 
run through the GC/MS using the program in Table 6.3. Total Ion Chromatograms 
(TICs) for the standards are shown in Appendix E.





















A sample set from the Greek olive oils, which consisted of five oils from Crete and five 
non-Crete oils were also analysed by the protocol detailed above. Reproducibility was 
tested by performing several extractions of the same sample and by sequential injections 
of the same extract. The ratio of detected compound to internal standard peak areas was
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calculated and the mean and standard deviation of ratios of repeated injections 
determined. The resulting spectra were imported into the Grams 32 laboratory software 
package in order to manipulate the chromatographic traces to allow importation into the 
Unscrambler statistics program. Principal Component Analysis (PCA) and PLS1 
regression were carried out on the sample set, including the vegetable oils, to investigate 
whether the semi-volatile fraction of olive oil could be used to separate olive oil samples 
from vegetable oils and also whether the geographical origin (Crete or non-Crete) could 
be established.
6.5 RESULTS AND DISCUSSION
The optimum parameters for the supercritical fluid extraction had been shown to be a 
static extraction time of 20 minutes followed by a dynamic extraction time of 20 
minutes, at a temperature of 90°C. Figure 6.4 shows a graphical representation of the 
optimisation results for two compounds, nonanal and 2-decenal. It was found that, at this 
high temperature, some of the triglyceride oil base was being removed from the silica 
support and collecting hi the tubing attached to the restrictor. To overcome this problem 
the temperature was dropped to 80°C, this required the pressure to be altered to 4400 psi 
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Figure 6.4 - Graphical representation of optimisation of static extraction (s) in 
minutes and temperature optimisation
6.5.1 Vegetable Oils
The initial extractions identified several semi-volatile components that had not been 
previously seen using head-space analysis. The continued and unexpected presence of 
napthalene caused doubts as to possible contamination of equipment or reagents. After 
ruling out the presence of napthalene in the silica or the tenax and ensuring, by running 
blanks, that all components were eluting from all instrumentation, it was concluded that 
napthalene is present, in small amounts, in the oils.
It was decided to use an internal standard that more closely resembled the compounds 
being detected. Tetradecanal (50 ppm) was chosen, as a series of saturated aldehydes 
was present in all four of the oils used. The range of compounds detected in the 
vegetable oils is shown in Table 6.4.
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R/T - Retention time Tr - Trace 
Ratio - Area compound/Area internal standard
Using the temperature program detailed in Table 6.3, the target compounds eluted from 
the column between 2 and 10 minutes. The Total Ion Chromatographs (TIC) obtained 
for each of the oils show that this region varies with different oils. This variation could 
be used to profile specific oils and possibly detect adulteration. Examples of TICs for 
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Figure 6.8 - Total Ion Chromatogram for the extraction of almond oil by SFE
6.5.2 Greek Olive oils
The compounds extracted from the Greek oils varied slightly in their semi-volatile 
components compared to the vegetable oils. Table 6.5 shows the entire list of extracted 
compounds and their retention times. Not all the compounds were detected in all of the 
samples.




















































Four injections were carried out for each extraction to check the reproducibility of the 
method. Table 6.6 shows an example (sample El4) of the mean and standard deviation 
calculations. Full set of statistics in Appendix E.
Table 6.6 - Mean and standard deviation of the ratio of extracted compound to
internal standard (E14)




























































The total ion chromatograms from the Greek olive oil samples were imported via Grams 
32 software into the Unscrambler multivariate analysis program. The ratio of compound 
to internal standard was calculated for volatiles eluting from the column between two 
and twenty minutes. Figure 6.9 shows the result of hierarchical cluster analysis (SPSS), 
using Ward's clustering method with squared Euclidean distance measurements (Section 
3.1.3), performed on this data from the ten Greek oils. The codes of the oils originating 
from Crete are in black (E15) and the non-Crete oils in red (E33).
The cluster analysis showed some rudimentary grouping of geographical origin and so 
models were produced using PCA analysis on the ratio of identified compound to 
internal standard peak heights. The oils were then classified and the resulting Cooman's 
plot in shown in Figure 6.10, Crete oils in green and non-Crete oils in red. An unknown 
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Figure 6.9 - Dendrogram detailing clustering arising from SFE of volatile 
compounds, using variables between 2 and 20 minutes retention time. Crete oils 
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Figure 6.10 - Cooman's plot showing separation between E set, Crete (green) and 
non-Crete (red) oils by compounds extracted by SFE
Although most of the Crete oils were doubly classified (bottom left of plot), the non- 
Crete oils showed better classification and the models were showing a degree of 
separation.
2.038 3,643 5.248 6.853 8.457 10.06 11.66 13.27 14.87 16.48 18.08 19.69 21.29 22.90 24.50
Crete v Non-Cre..., Model: Crete all
Figure 6.11 - Modelling power plot showing the peaks assigned important (<0.3) to 
the Crete PC A model of volatiles extracted by SFE
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The plot of the modelling power (Figure 6.11) indicated which of the earlier eluting 
compounds were influential in the construction of the Crete model. Peaks with a 
modelling power greater than 0.3 are considered as significant. The peaks marked on 
Figure 6.11 relate to heptanal, 2-heptenal, 2,4-nonadienal, octanal, 2-octenal, 2-nonen-l- 
ol, 2-nonenal and decanal.
PLSl regression plots showed (Figure 6.12) the pure sesame oil well differentiated from 
the Greek olive oils (black) along the first PC. The other two potential adulterants 
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Figure 6.12 - PLSl regression scores plot showing adulterant oils (yellow) and 
Greek olive oils (black)
6.6 CONCLUSIONS
The volatile components of olive oil are responsible for the flavour and fragrance of the 
oil. The most abundant headspace compound is trans-2-hexenal, which has been found
to be responsible for the fresh fruity taste of oils (Aparicio et al., 1997; Kiritsakis, 1998).
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The majority of volatiles are products of autoxidation, which occurs with storage, 
exposure to light or heat. These degradation products are responsible for the 'off 
flavours and tastes described by sensory panels. Supercritical fluid extraction was 
successful in selectively extracting a range of these compounds, some that had been 
observed (Morales et al, 1998) and others not previously reported using this technique. 
The detection of some of these unreported compounds could be due to the extended 
storage of the oils used in this study compared to Morales et al. Fresh oils contain less of 
the degradation products and this could explain why they did not report compounds such 
as octanal, 2-heptenal and 2-octenal, the main oxidation products of oleic and linoleic 
acids respectively.
The application of multivariate statistical analysis to the data did not show reliable 
clustering that could confidently predict whether the oil originated in Crete or other areas 
of Greece. The volatile fraction of olive oil has been used, successfully, to classify oils 
by origin using other techniques (Sacchi et al, 1998) and a larger sample set could 
improve the modelling power and hence improve the classification. Investigations into 
whether the statistical analysis could be applied to the SFE results to determine 
adulteration showed that some adulterant oils were sufficiently different in composition 
to olive oil to give some separation. Sesame oil was well differentiated from the olive 
oils suggesting that adulteration with sesame oil could be easily detected. The adulterant 
samples were all pure so the ability to detect low level adulteration with these oils would 




7 Solid Phase Micro Extraction (SPME)
7.1 THEORY AND TECHNIQUE
Solid Phase MicroExtraction (SPME) is a relatively new technique, developed hi 1990 
by Pawliszyn and Arthur, the applications and optimisation of which have been well 
documented in recent books (Pawliszyn, 1997; Pawliszyn, 1999). A fused-silica fibre is 
coated in a specific stationary phase, which absorbs or adsorbs the analytes of interest hi 
a sample by direct immersion of the fibre into the sample or suspension in the headspace 
of the sample. The analytes can then be thermally desorbed in the injection port of a gas 
chromatograph. The process therefore consists of single step sample preparation, which 
does not require solvents and has been shown to give good reproducibility and high 
sensitivity.
SPME relies on the partitioning of analytes between the sample matrix and the polymer 
coating on the fibre. In headspace SPME there are three phases, condensed phase, its 
headspace and the SPME polymer. The molecules of analyte need to diffuse from the 
condensed phase to the polymer through the headspace, therefore giving two interfaces; 
condensed/headspace interface and headspace/polymer interface.
If a steady-state mass transfer is attained the mass flow rates at the two interfaces should 
be equal. At the headspace/polymer interface the extraction rate of the analyte is 
proportional to the mass flow rate at the interface. The net analyte transfer from the 
condensed phase to the headspace, at the condensed/headspace interface, is related to the 
headspace concentration variations. Prior to sampling an equilibrium exists between the
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headspace and the condensed phase for the analyte and there is no net mass transfer at 
the interface. When analytes are extracted during sampling onto the polymer on the fibre 
the equilibrium is disturbed and when the analyte concentration is depleted in the 
headspace the analyte in the condensed phase will evaporate to the headspace. The 
headspace concentration deviation from equilibrium is therefore the driving force of 
analyte evaporation. The mass flow rate at the condensed/headspace interface equals 
that at the headspace/polymer interface when a steady-state extraction is achieved. This 
means that the evaporation rate should be proportional to the extraction rate. Mass 
transfer at either of the two interfaces can be established as the rate determining step (Ai, 
1999).
7.1.1 Fibres
The selectivity of extraction depends on the type of polymer coating on the fibre. At this 
time there are three classes of coatings commercially available (Supelco):
* Non-polar coatings - Polydimethylsiloxane (PDMS) of varying film 
thickness
* Semipolar coatings - Polydimethylsiloxane/divinylbenzene 
(PDMS/DVB)
* Polar coatings - Polyacrylate, Carbowax/divinylbenzene and
Carbowax/TPRlOO 
These coatings are classified as:
+ Homogeneous polymer coating
+ Porous particles embedded in a polymeric phase
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7.1.1.1 Homogeneous coatings
PDMS and polyacrylate are both homogeneous polymer coatings. PDMS is a liquid 
coating and the amount of analytes absorbed by the coating at equilibrium is directly 
related to its concentration in the sample. The amount of analyte extracted by a liquid 
coated surface is described by Nernst's partition law:
where n = mass analyte absorbed 
Vf = volume of coating 
Vs = volume of sample
Kfs = partition coefficient of analyte between the fibre coating and the sample 
C0 = initial concentration of analyte in sample.
This shows that the relationship between the initial concentration of analyte in the 
sample and the amount adsorbed by the coating is linear. The Kfs values for analytes are 
large when the fibre coatings have strong affinity for the analytes, this leads to good 
sensitivity and effective concentration. From the equation, if Vs is very large the amount 
of analyte extracted is not related to sample volume, making the technique suitable for 
field sampling. SPME does not usually lead to exhaustive extraction as the Kfs values are 
rarely large enough (Pawliszyn, 1997).
PDMS coatings are available as either non-bonded or bonded. The non-bonded fibre is 
thermally treated and has a lower thermal stability than the bonded fibres. The bonded 
fibres are crosslinked and this increases the stability of the fibre (Mani, 1999).
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Polyacrylate fibres are partially crosslinked and highly polar. Polyacrylate is a solid 
crystalline coating that turns into liquid at desorption temperatures. Both the 
polyacrylate and the PDMS extract analytes via absorption. Absorption is based on 
partitioning of an analyte between two immiscible phases and the process is determined 
by the relative fugacity of an analyte in each phase. At equilibrium, for a two-phase 
system it can be described by a partition coefficient K. Analytes dissolve in the coating 
and diffuse into it during extraction (Gorecki, 1999).
7.1.1.2 Porous particles embedded in Polymeric Phase
The porous particles are embedded in partially crosslinked polymeric phases. These 
fibres have high selectivity but have lower stability than homogeneous fibres. Increasing 
the porosity of the fibre coating increases the capacity of the fibre, increasing the 
porosity of the polymer particle retained analytes more efficiently and increasing the 
pore size of the polymer particle in the coating increased the selectivity of the fibre. 
Polydimethylsiloxane/Divinylbenzene (PDMS/DVB) is a blend of porous DVB polymer 
particles with liquid PDMS polymer. DVB has a high degree of porosity 1.5 mLg" 1 , 
which gives strong analyte retention. Because it is a solid particle DVB is blended with 
a liquid phase, PDMS. The amalgamation has better affinity for polar analytes. 
Polydimethylsiloxane/Carboxen (PDMS/CAR) is again a solid porous particle, CAR, 
blended into a liquid phase, PDMS. The pores in CAR are smaller than in DVB, making 
it more suitable for the extraction of smaller molecules. The total pore volume of CAR 
is 0.78 mLg' 1 (Mani, 1999). Both PDMS/DVB and PDMS/CAR are mixed coatings 
where the primary extracting phase is a porous solid. These fibres extract analytes by 
adsorption, where the analyte remains on the surface of the polymer and does not diffuse 
into it. Molecules attach to the surface via weak intermolecular forces such as van der
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Waals or dipole-dipole interactions. If the sample is in aqueous solution hydrophobic 
interactions also drive the molecules out of the solution and onto the fibre. In adsorption 
there are a limited number of surface sites to which the analyte can adsorb so the amount 
of molecules that adsorb onto the surface is proportional to the total surface area of the 
polymer coating. Once these sites are full no more analyte can be adsorbed, potentially 
limiting the percentage uptake of analyte. It also creates a competitive situation where 
analytes with a higher affinity for the fibre coating will replace an analyte with lower 
affinity, making quantitation unreliable (Gorecki, 1999).
7.2 LITERATURE REVIEW
Comparisons have been done in various studies to ascertain the suitability of specific 
fibres for various matrices (Azodanlou et al, 1999; Miller et al, 1999; Jelen et al, 2000; 
Page et al, 2000; Roberts et al, 2000). The process has been well tested for its 
applicability to extracting volatile components in several areas. It has been applied to 
monitoring the volatile compounds produced from monosodium glutamate in cooking 
(Wu et al, 2000), investigating the formation of volatile compounds during the heating 
of spice paprika powder (Cremer et al, 2000) and another study extracted the volatiles 
from kiwi fruit and found that compounds previously only found in kiwi fruit juice were 
extracted from the fruit and some other, previously undetected, compounds were also 
identified (Wan etal, 1999).
SPME proved to exceed the extraction performance of static headspace analysis when 
applied to fruit juice samples (Miller et al, 1999), and was found to be a successful 
method for extracting and quantifying the aliphatic aldehydes in sunflower oil (Keszler 
etal, 1998). On-fibre derivatisation was used to extract the volatile carbonyl compounds
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from sunflower oil by doping the fibre with pentafluorophenylhydrazine (PFPH) 
(Stashenko et al., 2000). The PFPH reacts with the carbonyl compounds to form 
hydrazones which can then be analysed using an electron-capture detector. They 
concluded that the PDMS-DVB fibre adsorbed more PFPH than the PDMS fibre and 
'salting out' the sample by adding potassium chloride (KC1) to the PFPH allowed even 
higher loading levels. The addition of potassium or sodium chloride (salting out) is used 
when working with an aqueous solution, to modify the matrix, to give the analytes a 
greater affinity with the fibre coating than with the water. The oil under investigation 
was heated to temperatures similar to those found during cooking to explore the 
degradation of the oil due to thermally induced oxidation (Stashenko et al., 2000).
The volatile compounds in sunflower oil have also been studied with SPME, using 
refined and oxidized oils, to associate volatile components with oxidative degradation 
(Keszler et al., 1998). Carboxen-based fibres were used to analyse the volatile 
contaminants in vegetable oils following the comparison of several fibres (Page et al., 
2000). A review of the applicability of SPME to food analysis was published in June 
2000 and concluded that the simplicity of the process and the ease of coupling with 
analytical systems made it highly efficient and widely applicable (Kataoka et al., 2000). 
The evolution of the technique throughout the 90s was also reviewed in 2000 (Lord et 
al, 2000). The technique has been developed and optimised to tackle one of the most 
demanding analytical pharmaceutical tasks, the determination of residual solvent in drug 
substances (Camarasu, 2000). Coupled with GC-MS, and using a Carboxen/PDMS fibre, 
it was concluded to be a suitable technique owing to its precision, accuracy and speed of 
analysis.
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The critical optimisation factors for SPME are sample temperature, agitation of the 
sample and length of time of exposure of the fibre to the sample (Pawliszyn, 1999). The 
importance of sampling conditions has been investigated in previous studies (Gorecki et 
al., 1998; Prosen et a/., 1999). Adsorption equilibrium in headspace sampling for 
volatiles has been found to occur in the order of minutes compared with hours for liquid 
sampling (Ai, 1997). Convection in the gas phase maintains a steady-state diffusion at 
the fibre surface. In order to obtain reproducible results with good sensitivity in 
headspace sampling, the sampling should reach equilibrium and increased temperatures 
decrease the time required, whilst maintaining analyte yield on the fibre. The fibre/air 
partition coefficient (Kf&) decreases with temperature with reduced adsorption. This is 
offset by an increase in the air/solution partition coefficient (A^,) which in turn increases 
the concentration of analyte hi the headspace, thereby promoting increased analyte 
adsorption by the fibre (Matich, 1999). Therefore, the reduced sensitivity arising from 
short sampling time can be increased by sampling at elevated temperatures.
Increasing the ratio of sample to headspace volume increases the loading of analyte onto 
the fibre and reduces equilibrium times, whereas the value of stirring the sample depends 
upon the volatility of the sample. If the sample is highly volatile then most of the sample 
will be in the headspace prior to sampling due to rapid solution/headspace equilibration, 
rendering stirring unnecessary.
Previous research (Roberts et al, 2000) reported that quantification of volatiles using 
SPME was difficult to achieve because of several factors. Bias can arise due to 
competition phenomena, the linear range, different affinities to the fibre and the effect of 
sampling time. Competition phenomena arises when compounds with a high A>a are
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highly adsorbed by the fibre and reduce the adsorption of other compounds. The linear 
range for most compounds using SPME is usually under Ippm. When compounds have 
different affinities for the fibre and are in varying concentration, all the compounds may 
not be in the linear range. Above this concentration there will be less increase in the 
amount adsorped for equal increase in concentration. Instead of using one internal 
standard, which would not give absolute quantification because of the different partition 
coefficient values among compounds they used isotope dilution assays (IDA), where 
compounds labelled with stable isotopes are used as internal standards. Table 7.1 shows 
how SPME compares with other techniques (Supelco, 2000).



















































This technique eliminates some of the disadvantages of conventional extraction 
techniques, many of which use organic solvents with the associated risks to health and
problematic disposal. A photograph of a manual fibre assembly (Figure 7.1) illustrates
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the simplicity of the process. The fibre is retracted into the needle for protection and 
exposed, for sampling, by depression of the plunger.
Figure 7.1 - Photograph of an SPME manual fibre assembly
7.3 METHOD
Several different fibres were obtained (Supelco UK, Sigma Aldrich, Poole, UK) to 
optimise extraction conditions. The main areas of investigation were centred on fibres 
with the following bonded stationary phases with specified film thickness: 
Polydimethylsiloxane/Divinylbenzne (PDMS/DVB) Stableflex™ 65 
Carboxen™/Polydimethylsiloxane (CAR/PDMS) 75 /n m 
Polyacrylate 85/^m
The Stableflex™ fibre has a more stable coating and is less breakable. The fibre is 
coated on a flexible fused silica core and the coating partially bonds to the flexible core.
Both the CAR/PDMS and the PDMS/DVB fibres have a partially crosslinked phase.
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All the fibres were conditioned by heating in the injection port of a GC/MS system at 
250°C for the time recommended by the manufacturers, half an hour for the PDMS/DVB 
and CAR/PDMS and two hours for the polyacrylate. The GC oven was then heated to 
elute any compound that had desorbed from the fibres. Blank runs were performed to 
ensure any compounds associated with the glue used to attach the fibre had been 
desorbed.
The compounds of interest, semi-volatiles, would be present in the headspace of the olive 
oil sample. Therefore, the fibre was suspended in the headspace rather than immersed in 
the oil. Immersion of the fibres into the oils could potentially damage the fibres as they 
are lipophillic in character. Three different fibres were used to ascertain which bonded 
phase would be the most suitable for the extraction of the semi-volatiles. Comparisons 
were then made on extractions with sample agitation (stirring) and without agitation. 
The effect of temperature on the compounds extracted was optimised by performing and 
comparing extractions at room temperature (20°C), 40°C, 48 °C, 67°C and 85°C. The 
fibres were also exposed to the sample for varying lengths of time, 20 minutes, 30 
minutes, 40 minutes and 60 minutes. The amount of sample was also considered using 1 
g and 2 g of walnut oil. The fibre was introduced into a Hewlett Packard 5890 GC 
system with a CP-SIL 8CB Low bleed column (30 m x 0.32 mm ID). A SPME inlet 
liner, 0.75 mm ID (Supelco UK, Sigma Aldrich, Poole, UK) was inserted into the 
injection port to decrease the internal diameter of the GC injection port. This increases 
linear velocity compared to a conventional, larger volume 2 mm ID liner and rapidly 
introduces the analytes onto the column in a narrow band. In order to curtail sample loss 
or peak tailing by minimising adsorption of active sample components, the inlet liner is 
inert. The GC temperature program, identical to the program used for Supercritical Fluid
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Extraction apart from exclusion of unnecessary solvent delay, is shown in Table 7.2. A 
Hewlett Packard 5971A Mass Selective Detector was coupled to the GC and the sample 
was analysed using electron ionisation.





















Injector temperature - 200 C Detector temperature - 270°C
Standards of a range of volatile compounds were obtained (Sigma-Aldrich) and run 
through the GC-MS program to confirm retention times. Standards were also made up to 
investigate the linear response and therefore reproducibility obtainable with SPME.
Following optimisation the technique was evaluated using samples from the Greek olive 
oils. Ten oils from the 1995/96 harvest were extracted, five from Crete and five from 
Peloponessos to determine whether SPME would extract a similar range of compounds 
to SFE. The resulting chromatograms were imported into Unscrambler and Statistical 
Package for Social Sciences (SPSS) for multivariate statistical analysis. The two 
techniques (SFE and SPME) were then combined, for two of the oils, by replacing the 
Tenax™ tube to adsorb analytes, with the SPME fibre. The SFE program was run as 
before (Table 7.3) with the SPME fibre exposed during the 20 minutes of dynamic 
extraction.
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Table 7.3 - SFE extraction conditions
Density (g/ml) 0.75
Pressure (psi) 4400
Flow rate (ml/min) 2
Restrictor (°C) 85
Dynamic Extraction (min) 20
Static Extraction (min) 20
Oven Temperature (°C) 80
7.4 RESULTS AND DISCUSSION 
7.4.1 Optimisation
Initial investigations with different fibres showed the PDMS/DVB fibre to extract a 
greater range of semi-volatiles than the CAR/PDMS or the polyacrylate, although the 
CAR/PDMS fibre did extract greater amounts of hexanal, 2-heptenal and nonanal, but 















Figure 7.2 - Graph showing range of volatiles extracted by three different fibres, 
CAR/PDMS (blue), PDMS/DVB (red) and polyacrylate (yellow)
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Using the PDMS/DVB fibre, optimum parameters were concluded. Stirring appeared to 
'release' more of the target compounds so further samples were stirred. Temperature 
was the next parameter investigated. First interpretation shows that most of the aldehyde 
compounds increase hi abundance with higher temperature. Elevated temperatures 
reduce the time required to reach equilibrium whilst maintaining adsorption on to the 
fibre. The higher the temperature, the greater the degradation of the oil, therefore the 
factor of sampling time was investigated using a working temp of 67°C.
Figure 7.3 gives a graphical representation of the impact of increased sampling 
temperature on individual compounds. Figure 7.4 shows the Total Ion Chromatograms 
(TIC) for the extraction carried out at 20°C (A), compared to the extraction at 85°C, 
showing enhanced extraction at 85°C (B). TICs for the other temperature optimisations 
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Figure 7.4 - TIC for SPME extractions of walnut oil at 20°C (A) and 85°C (B)
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All temperature optimisation was carried out using a sampling time of 40 minutes, which 
had shown to be the most advantageous. All previous optimisations had been carried out 
using 2 g of walnut oil. Ig of oil was tested at 40 minutes sampling time and 67°C, 
however it was concluded that the larger sample size gave better extraction. The size of 
sample tested was restricted by the vial capacity, 2 g being the maximum to allow 
headspace. Using the optimised parameters, stirring 2 g of oil at 67°C for 40 minutes the 
extract of walnut oil using the PDMS/DVB fibre was desorbed in the injection port and 
run on the GC-MS. The resulting TIC is shown in Figure 7.5 as a negative image 
compared to the TIC of the same oil extraction using SFE. It shows enhanced extraction 
of compounds between 4 and 10 minutes using the SPME technique.
Figure 7.5 - Comparison of total ion chromatograms of SPME (negative image) and 
SFE extractions of walnut oil
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Standard solutions of 2.5 ppm, 5 ppm, 6.25 ppm and 10 ppm of volatile compounds were 
extracted to investigate the linearity of the response using the PDMS/DVB fibre. The 
graph in Figure 7.6 shows good linearity for extractions of 2-heptenal.
Concentration 2-heptenal v Peak area
ra
y = 262348X - 93257
2.5ppm 5ppm 6.25ppm 10ppm 
Concentration (ppm)
Figure 7.6 - Linearity of SPME extraction for 2-heptenal
7.4.2 Greek Oil Extraction
The range of compounds extracted using SPME on the Greek olive oil was more 
extensive than was extracted by SFE. Table 7.4 gives a comparison of the compounds 
extracted from an oil from the 1995/6 harvest from Crete and Table 7.5 an oil from 
Peloponessos from the same harvest year.
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Table 7.4 - Comparison of retention times and peak area of SFE and SPME 














































































































Table 7.5 - Comparison of retention times and peak areas of SFE and SPME 















































































































The SPME extracted a greater range of volatile/semi-volatile compounds from the oils in
each case. A full set of data for the extractions of the remaining oils can be found in
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Appendix E. SPME repeatedly had more success in extracting the lower boiling point 
compounds, a -Farnesene was extracted and detected in all the Peloponessos oils but 
none of the Crete oils, indicating that it could possibly be used as a marker to determine 
geographical origin.
Table 7.6 shows a comparison of the two previously used extraction processes (SFE and 
SPME) with the unique idea of coupling SFE and SPME. Results could possibly be 
improved by a modification in the coupling procedure. The SPME fibre was inserted 
into the unsealed tubing leading from the SFE restrictor, therefore increasing the 
possibility of loss of analyte to the surroundings.




















































































































































ND - Not detected Tr — Trace
7.4.3 Statistical Analysis
The total ion chromatograms from the ten Greek oils tested were imported into two 
statistical packages (Unscrambler and SPSS) to ascertain whether the differences hi 
volatile compounds extracted by SPME are sufficient to allow class separation and/or 
clustering. Figure 7.7 shows the dendrogram resulting from the hierarchical cluster 
analysis using Ward's method with squared Euclidean distance measurement from the 
SPSS program. All variables were used for the cluster analysis, relating to compounds 
eluting from the column between one and twenty minutes.
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HIERARCHICAL CLUSTER ANALYSIS 
Dendrogram using Ward Method

























Figure 7.7 - Dendrogram of clustering of SPME extracted volatiles from olive oil, 
using all variables (1 - 20 minutes)
The dendrogram shows good clustering for the non-Crete samples (red), although one of 
the Crete oils (El8) was clustered with the non-Cretes. The distance between the Crete 
oils (black) was greater than the non-Cretes with E14 and 15 showing the closest 
relationship. The cluster analysis gave an indication that PCA models may show 
grouping to differentiate between the two areas of geographical origin and possibly 
classify unknown samples.
Figure 7.8 shows the Cooman's plot, with the non-Crete oils shown in green and the 
Crete oils shown in red. Although many of the oils are doubly classified (appearing in 
the bottom left) there is some separation with the Crete oils having greater sample 
distance from the non-Crete model and the non-Crete oils show a good clustering. The
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test sample (blue) was correctly grouped with other non-Crete oils although the distance 
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Figure 7.8 - Cooman's plot to show classification of Crete (red) v non-Crete (green) 
oils by SPME extracted compounds
7.5 CONCLUSIONS
As previously discussed (Chapter 2.3.8), elevated temperatures, increased storage time 
and exposure to light cause the autoxidation of the fatty acids present in olive oil. The 
majority of the volatile compounds extracted and detected using SPME (Tables 7.4 and 
7.5) are the products of this degradation. Heating the sample, to optimise the volatile 
adsorption onto the SPME fibre, increases the volatile compounds extracted because 
heating increases the oxidation of the oil. In olive oil autoxidation is sensitive to heating 
as both the intermediates of decomposition (hydroperoxides) and the final products are 
labile and prone to changes. The ideal temperature for extracting fresh oil samples 
would be room temperature (20°C) but the time required to reach equilibrium at this
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temperature would be inhibiting due to the affinity of the volatile compounds to the oil 
matrix.
Although the statistical analysis was limited by the size of the sample set, the non-Crete 
oils showed good clustering and the Crete oils demonstrated some separation from the 
non-Crete model. The discrimination plot (Appendix F) showed no particular 
compounds as influential in geographic determination, with the full spectra having a 
discrimination power greater than 3. a -Farnesene was detected in all the non-Crete 
samples but none of the Crete, leading to the supposition that this compound could 
potentially be used as a geographical marker.
SPME is an extremely simple, cheap technique that has been shown to be applicable in 
numerous areas. Within this work SPME was employed as a sampling method rather 
than a quantitative method as it does not exhaustively extract the sample. The fibre 
choice was therefore made qualitatively rather than quantitatively, to compare the range 
of compounds extracted with those using SFE. SPME repeatedly extracted a greater 
range of compounds especially at the lower boiling points and extractions were 
performed more rapidly than SFE, which makes SPME the preferred technique.
The novel concept of coupling the two techniques, utilising the solvating power of 
supercritical fluid with the concentrating effects of SPME, gave encouraging results 




The analysis of olive oil is an area of research which has occupied numerous groups of 
researchers, especially over the last decade. Reviews appear regularly collating recent 
findings and assessing new techniques for characterisation, extraction and detection of 
adulteration (Aparicio et al., 2000; Cert et al., 2000; Lercker et al., 2000; Ulberth et al, 
2000).
8.1 EXTRACTION TECHNIQUES
The two techniques used throughout this work (SFE and SPME) to attempt to extract the 
semi-volatile components in olive oil have both proved valuable tools and the possibility 
of combining the two processes gave encouraging preliminary results.
8.1.1 Supercritical Fluid Extraction (SFE)
Supercritical fluid extraction (SFE) gave reproducible results on the test samples used 
from the Greek oils and confirmed compounds seen previously, by other research 
groups, using different extraction methods. SFE has been shown to be a comparable 
extraction technique which has the added benefit of using a readily available, low cost, 
low toxicity solvent with relatively short experimental time. The range of compounds 
extracted and detected in the locally obtained vegetable oils (walnut, sesame, sweet 
almond and extra virgin olive oil) varied. Long chain alkanes and alkenes, not of interest 
in this study, were eluting from the column after 23 minutes. The intensity of these 
peaks was such that they were affecting the integration of the smaller peaks. This 
resulted in some compounds of interest not being included in the integration due to their
153
low concentration and small peak area. A further modification to the GC-MS program of 
shortening the detection time of the mass spectrometer would be advantageous. The less 
volatile components could then be eluted from the GC column but not detected by the 
MS, thereby simplifying the chromatograms and allowing more straightforward 
integration and identification of the smaller peaks.
The Greek olive oils gave good extraction and detection reproducibility when the oil was 
repeatedly extracted and the same extract repeatedly injected. The multivariate 
statistical analysis of the Greek oils showed some separation between the Crete and non- 
Crete oils with the software assigning the peaks important in differentiating between the 
two models as being a range of saturated and unsaturated aldehydes. The amount of 
volatile compounds in an olive oil is, to a certain extent, indicative of the degree of 
oxidation experienced by the oil either from extended storage or exposure to heat or 
light. Information from a recent SPME work (Men et al., 2000) demonstrated that some 
of these saturated and unsaturated aldehydes are oxidation products of fatty acids. For 
example, the main volatile product of oleic acid oxidation is octanal whereas linoleic 
oxidation produces 2-heptenal and 2-octenal. This would suggest that the fatty acids that 
influence the Crete oil model were oleic and linoleic acids.
Regression plots were constructed using the ratio of peak area of extracted volatile 
compounds to internal standard for the Greek olive oils and potential adulterants. PLS1 
plots showed clear separation, along the first regression component, between olive oil 
and 100% sesame oil. This indicated that the difference in volatile composition between 
these two oils was sufficient to allow statistical classification. Other adulterant oils were 
not so well defined and if the concentrations were less than 100% (as would be expected
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if used for adulteration) it is inconclusive, from this work, whether the extracted volatile 
compounds would vary sufficiently to detect and predict adulteration.
8.1.2 SPME
SPME consistently detected a greater range of volatiles than the SFE. SPME extracted 
some shorter chain aldehydes including 2-pentenal, one of the main products of linolenic 
acid oxidation. Unlike the SFE extractions, there was no solvent delay used during the 
thermal desorption of the fibre and this could account for the detection of the 2-pentenal 
in the SPME extractions. The extractions were performed qualitatively purely to assess 
the applicability of the technique. In order to optimise the adsorption of the volatile 
compounds on to the fibre, the oil samples were heated to 67°C. Heating the oil 
increases the autoxidation of the fatty acids, thereby increasing the concentration and 
range of the volatile components. This raised the concern that the enhanced performance 
of the SPME was due to the method parameters employed. However, a study looking at 
the degradation of olive oil and monitoring the formation of carbonyl compounds 
concluded that primary oxidation, to form hydroperoxides, takes place up to 150°C and 
significant degradation occurred (formation of aldehydes) after 200°C (Moreno et al, 
1999). This would suggest that the temperatures, used in this work, for the SPME 
extractions would cause minimal increase in the volatile fraction. Extra virgin olive oil 
does have a higher resistance to oxidation than other oils because of its antioxidant 
component. The length of storage could be another contributor to the increase in volatile 
compounds. Although the samples tested were not fresh, the absence of noticeable 
aldehydic peaks in the *H NMR would suggest that degradation had not occurred to any 
substantial degree. A true reflection of the volatile components of olive oil would 
require analysis to be carried out as soon as the oil were produced before any degradation
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had occurred. However, the majority of olive oils are consumed following shelf storage 
for varying amounts of time and so the analysis of the development of degradation 
products is necessary to predict shelf life. Following the storage recommendations of 
keeping oil in a dark bottle at 20°C prolongs the shelf life by decelerating the oxidation 
process.
8.1.3 SFE onto SPME
Coupling the two extraction techniques together was a novel idea which gave promising 
early results. The extraction is maximised by harnessing the solvating power of the 
supercritical fluid with the enhanced extraction abilities of the SPME fibre. The coupled 
technique extracted a greater range of components from the oils than either technique 
alone and some compounds were detected that had not been detected with either method. 
It should also be noted that improvement in the physical coupling of the two pieces of 
equipment could decrease a potential loss of compounds as the SFE restrictor 
outlet/SPME fibre interface had not been sealed during this work.
8.2 SPECTROSCOPY
The two spectroscopic procedures used in this project gave complementary results, with 
the ! H NMR identifying geographic and harvest origin and the IR giving better results in 
the detection of sunflower adulteration. The data gathered using 13 C NMR did not 
constitute a very large sample set, therefore, the statistical analysis could be considered 
unreliable. Whilst there did appear to be an increase in the peak area ratios arising from 
linoleic/linolenic acid in the ethylenic region when adulterated with vegetable oils
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(sunflower, soya, corn and cotton), the resulting statistics did not support this 
observation.
8.2.1 Geographic and Harvest Differentiation
Proton NMR gave clearly defined separation between the oils originating from Crete and 
those from other areas of Greece and also between the Crete oils produced in 1995/96 
and 1996/97. Both geographic areas have a variety of growing altitudes and the majority 
of growers use the same species of olive (Koroneiki). Although both of these factors 
influence the composition of the oil, there is not sufficient evidence to attribute the 
appreciable difference in the oils to these features alone. Difference in climatic 
conditions is possibly a major contributor to the variation in the composition of the oils. 
A previous study has shown that the percentage of C 18:1 (oleic acid) is negatively 
correlated with the relative humidity of the atmosphere (Stefanoudaki et al, 1999), so 
that the areas of high altitude with cooler climates produced oils that had a greater level 
of monounsaturated fatty acids and low altitude areas with high mean temperatures 
produced oils with a higher content of saturated acids. A previous work (Lees et al. , 
1998) acquired Information regarding rainfall for the Greek mainland during the 1995/96 
and 1996/97 growing seasons (E and F sets respectively). There was a greater average 
rainfall during the 1996/97 growing and harvesting period than for the previous season. 
From the limited data for the 1995/96 harvest in that study, in general, the ratio of 18:1 
was higher in the F set (1996/97) than the E set, 18:2 was lower in the F set, 18:0 was 
also lower in the F set whereas the amount of linolenic acid (18:3) showed little change. 
This would suggest that the F oils were grown and harvested in a cooler climate than the 
previous years' oils but whether a cooler climate can be directly correlated to the 
increased rainfall hi that year is questionable.
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NMR looks at specific protons, therefore, when the degree of unsaturation in the fatty 
acids increases the number of protons between the C=C bonds (Figure 4.4, H5) and the 
protons on the C=C (Figure 4.4, HI) are greater so the signal will be enhanced. In 
contrast the number of CHi bonds in the chain (Figure 4.4, H9) will be reduced. As 
shown in the extract from Table 2.1 (Table 8.1 below), the percentage composition of 
fatty acids varies enormously within a single harvest year (Boskou, 1996) because of 
climatic and other factors.
Table 8.1 - Extract from Table 2.1 showing variation in percentage fatty acid 
composition within a single harvest year
Fatty acid Minimum % Maximum % Mean %
Oleic 68^8 82~876J9 
Linoleic 4.6 14.5 7.5 
Linolenic 0.5 0.9 0.6
The natural variation in fatty acid composition can produce oils with a naturally higher 
linoleic/linolenic content. As seen from Table 8.1 the maximum percentage linoleic acid 
content in olive oils from a particular year was 14.5% compared to the minimum of 
4.6%. This 10% fluctuation is greater than would be expected with adulteration at low 
levels (1, 2 and 5%), which could explain the ability of ! H NMR to better detect the 
natural variation over the induced variation of adulteration.
The analysis using the fibre optic probe did not produce statistical models robust enough 
to give well defined separation between harvest year or geographic origin for any of the 
three years. Most of the samples were doubly classified with the E Crete v non-Crete 
oils showing better grouping than the F or D sets. The differentiation between harvest 
years was again not as specific as with 'H NMR, however the models using only selected
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wavelengths (HC=CH, CH and C=O) did correctly assign an F oil as belonging to 
neither the D or E sets for non-Crete samples.
IR is a more generic technique than NMR, looking at functional groups areas over large 
wavelength spans (893 - 1260, 1610 - 1776, 2730 - 3060 cm" 1 ). Fluctuations in 
functional groups hi compounds other than the fatty acids will affect the IR spectra, 
resulting in the unsaponifiable fraction of the oil distorting the result. The carbonyl area 
(1610 -1776 cm" 1 ) gives well defined peaks in IR but this area contains less information 
than the other two areas (HC=CH and CH respectively).
Throughout this study the peaks extracted as being amongst the most important to the 
PCA models discriminating between year of origin showed accord with the findings of a 
Greek study (Tsimidou et al., 1993). They found that PCA indicated a greater influence 
of harvest year on the grouping of oils than either olive variety or place of origin. 
Palmitic, oleic and linoleic acids contributed equally to PCI, along which axis the oils 
were spread. PC2 was defined by stearic acid and they concluded this to be 
characteristic of the year of harvest and that the factor year influenced all the variables as 
opposed to cultivar, which only affected the oleic and linoleic variables. A variation in 
the amount of stearic acid would alter the proton peaks H8 (C//2C=C), H12 (CH=CH) 
and H10 (allyl C//2), (reference Figures 4.3 and 4.4). These three peak areas have been 
shown, also by this study, to have a pivotal role in distinguishing between year of origin 
and also area of origin.
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8.2.2 Adulteration with sunflower oil
In all the adulteration investigations the Crete and non-Crete oils were treated separately 
to avoid the geographical variance influencing the regression plots. Using *H NMR the 
errors of prediction were unacceptably high and the number of samples marked as 
outliers were greater than the accepted samples, proving the model to be unreliable.
The squared errors of prediction (RMSEP) using IR were much lower especially for the 
Crete oils from the E set (0.795% sunflower oil). The initial PLS components accounted 
for the majority of the variance with the samples grouped according to adulteration along 
the first PC. The first principal component separated the higher levels of adulteration and 
the 0%/1% levels. The lower levels of adulteration (0 and 1%) showed considerable 
overlap as would be expected at this extremely low level of adulteration. The natural 
variation in fatty acid composition would account for the overlap and it would be 
extremely difficult to consistently distinguish adulteration with 1% sunflower oil.
The E set of Crete oils was also used to investigate how reducing the number of variables 
used for statistical analysis would affect the results. The three Selected ranges (893 - 
1260, 1610 - 1776, 2730 - 3060 cm" 1 ), on which the majority of the statistical analysis 
was based, used 899 variables. Fifteen of the most important variables, as concluded 
from the regression coefficient plot, were used to recalculate the data. The resulting 
RMSEP was 0.912% (compared to 0.795%) sunflower adulteration, with an offset of 
0.235% (compared to 0.147%) using 9 regression components (compared to 11). 
Although these results were higher than when using 899 variables, they still showed 
good correlation between the predicted adulteration levels and the measured levels. 
Using 15 variables reduced the statistical analysis time but increased the error of
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prediction. This makes it questionable whether reducing the variables is, in this case, a 
sound statistical process which would enable future investigations to monitor specific 
wavelengths, or a statistical exercise purely for the sake of it.
The D and F sets did not produce statistically robust models, giving an RMSEP between 
the measured and the predicted percentage adulteration greater than 1.5% sunflower oil. 
The natural fluctuation in composition of olive oils means that low level adulteration 
(e.g. less than 5%) is only reliably detectable if the corresponding unadulterated samples 
are available to factor out discrepancies arising from origin or climatic influences.
8.3 FURTHER WORK
The possibility of detecting adulteration with the volatile fraction was looked at briefly 
by comparing the chromatograms, from SFE, obtained for common adulterant oils with 
olive oil. The volatiles detected did vary in part and whether this would be sufficient to 
be confidently used as an adulteration marker would require the collection and analysis 
of large data sets, beyond the time constraints of this project. Preliminary statistical 
analysis showed separation between adulterants (at 100%) and olive oil. However, 
adulteration would occur at much lower concentrations of adulterant oil and further work 
would need to involve the analysis of spiked olive oil samples using low levels of 
adulterant oils to ascertain whether the separation was sufficient to detect statistically. 
SPME would appear to be the preferred method of extraction but further investigation 
into coupling SFE with SPME could provide a more complete extraction method.
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The non-Crete samples from the F set were not evaluated using 1 H NMR due to technical 
difficulties at IS AS. The completion of this set would allow geographical and harvest 
differentiation investigations for the full F set to be carried out. This would confirm 
whether the conclusion that 'H NMR was a suitable technique could be substantiated.
The completion of the analysis of the oils using 13C NMR would verify whether a larger 
sample set would give more robust statistical models for adulteration with all four 
contaminant oils (corn, cotton, soya and sunflower). The use of other pulse sequences, 
such as DEPT, could prove to give useful data. DEPT increases the sensitivity of 13 C 
NMR and decreases the long acquisition times by population transfer. The major 
drawback with DEPT would be the inability to detect the resonance of the unprotonated 
carbonyl carbon, as this gives important information on the fatty acid composition.
Investigations into reducing the number of applicable variables could be continued to 
attempt to find the optimum number of variables that would give acceptable statistical 
results. This would considerably decrease the time involved in both the acquisition and 
the data processing procedures.
8.4 FINAL SYNOPSIS
The aims of this work were to assess the suitability of various analytical techniques for 
detecting adulteration, geographical and harvest provenance of Greek olive oils. The 
development of the diamond tipped fibre optic probe at the Institute for Spectrochemistry 
and Applied Spectroscopy in Dortmund, Germany, provided a technique additional to the
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original research plan. This method proved to be the most rapid and reliable for the 
detection of adulteration with sunflower oil.
The extraction and detection of the volatile fraction was not fully explored with regard to 
adulteration. The SFE results reinforced previous investigations (Morales et al, 1998) 
and extracted previously unseen saturated and unsaturated aldehydes, possibly products 
of oil degradation. The emphasis moved to the investigation and optimisation of Solid 
Phase Microextraction, which would enable a completely solventless extraction. A 
further modification was also instigated that resulted in the unique coupling of SFE and 
SPME providing an exciting area on which to expand.
The proton NMR results reinforce the side of the argument which concludes that the 
fatty acid composition is suitable for distinguishing between areas and years of origin. 
Previous research groups have disagreed as to its suitability but this data confirms the 
union of NMR and chemometrics as being an extremely valuable technique with 
minimal sample preparation and short acquisition time.
Results from this work would suggest that there is not a universal technique applicable 
for all areas of olive oil characterisation. The spectroscopy techniques were successful 
in different areas and although the extraction of the volatile components posed more 
questions that it answered, the possibility of further exploring the coupling of SFE and 
SPME is an area of exciting possibilities.
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Figure B.I - Cooman's plot to show separation between pure Crete oils (red El-9) 
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Figure B.9 - Cooman's plot to show separation between pure Crete oils (green El-9) 
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Table C.2 - NMR sample weights, 1%. 5% and 10% sunflower
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E samples (non-Crete) weighings
Table C.5 - NMR sample weights, 1% and 5% sunflower adulterated 






























































































































































































































































































































































































































































































F samples (non-Crete) weighings
Table C.6 - NMR sample weights. 1% and 5% sunflower adulterated 
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Figure C.I - 'H NMR E samples (full set) PLSl regression plots, selected peaks- 
outlier (E13)
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Figure C.3 - *H NMR E Crete samples, PLSl regression plot using variables at 2.6 
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Figure C.4 - XH NMR E Crete samples, PLSl regression plot using selected peaks- 
outlier (E13)
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Figure C.5 - 1H NMR E non-Crete samples, PLSl regression plot using all variables
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Figure C.6 - 1 H NMR E non-Crete samples, PLS1 regression plot using variables at 
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Figure C.8 - *H NMR Cooman's plot E set Crete (red) v non-Crete (green) over all 
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Figure C.9 - 1 H NMR Cooman's plot of E (red) v F (green)Crete oils selected peaks 
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Figure C.IO - 'H NMR Cooman's plot of E Crete pure (green) v 10% sunflower 
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Figure C.ll - 1 H NMR Cooman's plot of E Crete pure oils (green) v 5% sunflower 
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Figure C.12 - X H NMR Cooman's plot of E Crete pure oils (green) v 1% sunflower 







S ample Distance to Model Crete pure sel Sample Distances
• E8-10
* E I - 1 u
• E5-10
•E7-10 - E6-'° 
• E18-I 
.pin i
• E4 -. 1'i 2-io • m-
•E10-5 ..^gPla. E;;^2J?-M5-- -EH- . EB . El "
Sample Distance to Model Crete 10%selpk
0 10000 20000 30000 40000 5000C
Crete pure v 10%, Significance = 5.0%, Model 1: Crete 10%sel pk, Model 2: Crete pure sel
Figure C.13 - 1H NMR Cooman's plot of E Crete pure oils (green) v 10% sunflower 
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Figure C.14 - 1 H NMR Cooman's plot of E Crete pure oils (green) v 5% sunflower 













•E7-1% . En _, 
• EJ5-1
. F<.-fyp)«I ft 1 rul FCL3 <£4 - c;> aTT^rtiiCl.^1 pit-7 TO
.^ .|^% _ . - E3 .
-E1-
Sample Distance to Model Crete 1% sel pk
0 10000 20000 30000 40000 5000C
E Crete pure v... . Significance = 5.0%, Model 1: Crete 1% sel pk. Model 2: Crete pure sel
Figure C.15 - X H NMR Cooman's plot of E Crete pure oils (green) v 1% sunflower 
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Figure C.16 - 1 H NMR Cooman's plot of E non-Crete pure oils (green) v 5% 
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Figure C.17 - ! H NMR Cooman's plot of E non-Crete pure oils (green) v 1% 
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Figure C.18 - *H NMR Cooman's plot of E non-Crete pure oils (green) v 5% 
















Sample Distance to Model non-Crete 1% se
) 20000 40000 60000 80000 100000 120001
E non-Crete pur... , Significance = 5.0%, Model 1: non-Crete 1% se, Model 2: Non-Crete pure
Figure C.19 - 1H NMR Cooman's plot of E non-Crete pure oils (green) v 1% 
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Figure C.20 - F set, Crete oils PLSl regression plot over all variables
0.000 1.152 2.304 3.456 4.608 5.760 Regression Coefficients
-.15E---08 -,10E*08 -.5E»07 0.794 0.899 1.412 1.517 2549 2654 2.759 5.158 5263
















PC 00 PC 03 PC 08 PC 09 PC 12 PC 15 PC 18
Sel pks CreteF-..., fY-var, PC): (% Sunflower,! 0)Sel pks CreteF- .... Variable: v. Total
Figure C.21 - F set, Crete oils PLSl regression plot over selected peaks-outlier
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Figure C.23 - ! H NMR Cooman's plot F set Crete pure oils (green) v 5% sunflower 
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Figure C.24 - *H NMR Cooman's plot F set Crete pure oils (green) v 1% sunflower 
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Figure D.7 - Cooman's plot of D Set Crete oils pure (green) v 10% sunflower 
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Figure D.8 - Cooman's plot of D Set Crete oils pure (red) v 5% sunflower 
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Figure D.9 - Cooman's plot of D Set Crete oils pure (green) v 2% sunflower 
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Figure D.13 - Cooman's plot of D Set Crete oils pure (green) v 10% sunflower 
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Figure D.14 - Cooman's plot of D Set Crete oils pure (green) v 5% sunflower 







^ ample Distance to Model Alt var Crete
• D04002
' D01 -
p Sample Distances , Q05010
Sample Distance to Model 2%Crete all var
o' 1 '' 0001 0002 0.003 0.004 0005 0006
all var pure v Significance = 5 0% Model 1: 2%Crete all var, Model 2: All var Crete p
Figure D.15 - Cooman's plot of D Set Crete oils pure (green) v 2% sunflower 
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Figure D.16 - PCA overview of D Set non-Crete oils adulterated with 10% 
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Figure D.17 - PCA overview of D Set non-Crete oils adulterated with 5% sunflower 
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Figure D.18 - PCA overview of D Set non-Crete oils adulterated with 2% sunflower 





0 001 - 
0-




Sample Distance to Model 10% non-Crete a
6 0.0005 00010 00015 00020 00025 00030 0003!
all var pure v... , Significance - 5.0%. Model 1: 10% non-Crete a, Model 2 All var Crete p
Figure D.19 - Cooman's plot of D Set non-Crete oils pure (green) v 10% sunflower 
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Figure D.20 - Cooman's plot of D Set non-Crete oils pure (green) v 5% sunflower 











• BtjouuZ - 
•D12002-
'. D2̂ °02 "
• DOI -0
Sample Distance to Model 2% non-Crete al
0 00005 00010 00015 00020 0002!
all var pure v Significance = 5 0% Model 1 2% non-Crete al. Model 2: All var Crete p
Figure D.21 - Cooman's plot of D Set non-Crete pure oils (green) v 2% sunflower 
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Figure D.22 - PCA overview of D Set non-Crete oils adulterated with 10% 
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Figure D.23 - PCA overview of D Set non-Crete oils adulterated with 5% sunflower 
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Figure D.24 - PCA overview of D Set non-Crete oils adulterated with 2% sunflower 
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Figure D.25 - Cooman's plot of D Set non-Crete oils pure (green) v 10% (red) over 
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Figure D.26 - Cooman's plot of D Set non-Crete oils pure (green) v 2% (red) over 
selected peaks with a 10% adulterated test sample (blue)
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Figure D.30 - PLSl regression overview of Crete D set oils over selected peaks- 
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Figure D.31 - PLSl regression overview of non-Crete D set oils over selected peaks- 
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Figure D.39 - Cooman's plot of E set Crete pure oils (green) v 10% sunflower 
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Figure D.40 - Cooman's plot of E set Crete pure oils (red) v 5% sunflower 
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Figure D.41 - Cooman's plot of E set Crete pure oils (red) v 1% sunflower 
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Figure D.42 - Cooman's plot of F set Crete (red) v non-Crete oils (green) over 
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Figure D.47 - Cooman's plot of Crete oils E (red) v F (green) harvest over selected 
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Figure D.48 - Cooman's plot of non-Crete oils E (green) v F (red) harvest over 
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Figure D.49 - Cooman's plot of Crete oils D (red) v F (green) harvest over selected 
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Figure D.50 - Cooman's plot of non-Crete oils D(red) v F (green) harvest over 
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Figure D.51 - Cooman's plot of Crete oils D (red) v E (green) harvest over selected 
peaks with an F harvest test sample (blue)
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Figure D.52 - D set dendrogram of hierarchical clustering using Ward's method 





Figure D.53 - E set dendrogram of hierarchical clustering using Ward's method and 












C .3 M <- 6
: *j~! •! T
7.. -i .i '_• •]
Case !>
Cas«? 6
i i " I -
•'7 IT'? 1 'i































Figure D.54 - F set dendrogram of hierarchical clustering using Ward's method and 
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Figure E.10 - TIC of decenal
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Figure E.13 - Optimisation of SFE temperature and static extraction parameters (s 
in minutes) for 2-octenal, napthalene and hexadecanol
E6
Tables to show ratio of detected componnd (by retention time) to internal standard 
for the SFE extractions of the Greek olive oils with the mean value, standard 
deviation and number of samples shown










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2038 4.682 7.326 9.970 12.61 1525 18.13 20.78 23.42








PCJO PC_02 PC_04 PC_06 PCJ8 PC JO
RESULT4, PC: 9,9 RESULT4, Variable: c Total •/ Total
Figure E.14 - PCA overview of SFE extraction of Crete (red, top left) and non-Crete 
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Table F.2 - Table showing retention times and peak areas for extraction of volatile 




















































































Table F.3 - Table showing retention times and peak areas for extraction of volatile 







































































Table F.4 - Table showing retention times and peak areas for extraction of volatile 











































































Table F.5 - Table showing retention times and peak areas for extraction of volatile 









































































Table F.6 - Table showing retention times and peak areas for extraction of volatile 





















































































Table F.7 - Table showing retention times and peak areas for extraction of volatile 
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Figure F.2 - SPME extraction of 2 ml of walnut oil for 20 minutes at 48°C
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Figure F.8 - PCA overview of the SPME extractions of volatile fraction of olive oil 
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Figure F.9 - Discrimination plot showing that all the variables are considered to be 
important variables in distinguishing between the SPME data from the Crete oils 
and the non-Crete PCA model
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